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Abstract 
Motivated by the previous works around the atherosclerosis problem done 
by Prof. Rumschitzki team, this thesis attempts to experimentally explore the 
influence of increasing AQP-1s on the intima thickness. To better understand 
the developments of this studies, following are detailed the most important 
results of these previous researches. Huang et al. (A fiber matrix model for 
the filtration through fenestral pores in a compressible arterial intima, 1997) 
proposed a new hypothesis and develop a mathematical model to explain 
rationally the in vitro and in situ measured changes in the hydraulic 
conductivity of the artery wall of rabbit aorta with transmural pressure 
previously observed by Tedgui and Lever (Tedgui & Lever, 1984) and 
Baldwin and Wilson (Baldwin & Wilson, 1993).  
Huang et al. claimed that the compaction due to pressure loading of the 
proteoglycans matrix in the arterial intima near fenestral pores of the 
internal elastic lamina (IEL) leads to a narrowing of the pore entrance area 
and a large decrease in local intrinsic Darcy permeability of the matrix. They 
proposed a local  two-dimensional model to study filtration flow close to 
fenestral pores in a compressible intima. This model provided several 
important predictions for the developing of the following work like that the 
hydraulic conductivity would decrease by one half if the thin intimal layer 
between the endothelium and the internal elastic lamina volume-compresses 
approximately fivefold. Hence the model supported the hypothesis that 
increase transmural pressure compacts the arterial intima near the IEL 
fenestral pores and causes the associated hydraulic conductivity changes. 
They also found a marked, nonlinear steepening of the radial intimal 
pressure profile near the fenestral pore when the intima significantly 
compacts. This suggested that the endothelium deforms near the fenestral 
pores at high luminal pressures and that the primary pressure drop occurs 
near the pore’s edge. The one-dimensional behavior exhibited in the intima 
for the intimal velocity and pressure distribution suggested that a one-
dimensional approximation for these flow variables will be adequate in a 
more complex elastohydrodynamic model for a deformable intima to relate 
endothelial deformation to the local subendothelial pressure field.  Moreover 
a simple linear elastic behavior for intimal matrix compression is only 
suitable at low transmural pressures. This research of 1997 anticipated, on 
the basis of the experimental data, that the loose PG matrix first compresses 
at small transmural pressures ~75-100 mmHg. The matrix then exhibits a 
much stiffer behavior in which the collagen matrix predominantly carries the 
normal load (Huang et al. 1997). Another fundamental work of Huang et al. 
(Structural changes in rat aortic intima due to transmural pressure, 1998) 
represented the first measurements of the effect of transmural pressure on 
intimal layer thickness and showed that the intimal matrix is, indeed, 
surprisingly compressible. Rat thoracic aortas were perfused in situ with 2 
percent glutaraldehyde solution at 0, 50, 100, or 150 mm Hg lumen pressure 
and sectioned for light and electron microscopic observations. Electron 
micrographs showed a nonlinear decrease in average intimal thickness with 
the increase of the lumen pressure (0-150 mmHg). This study demonstrated 
that the arterial intima is indeed very compressible and that its percentage 
change in thickness is more than 20 times the relative change in medial 
thickness due to hoop tension assuming constant medial density. Even if the 
intimal layer comprising less than 1 percent of the vessel wall can have such 
a profound effect on the total wall's hydraulic conductivity. The combined 
effects of a large decrease in Darcy permeability due to intimal matrix 
compaction and a fivefold or greater narrowing of the entrance height to the 
fenestral pore openings, far outweigh the small increase in fenestral pore 
area due to hoop tension and provide for an increased hydraulic resistance 
that is comparable to the entire media at pressures above the "critical 
pressure". This entire effect is lost for a vessel denuded of its endothelium 
where the hydraulic conductivity Lp measurements in Tedgui and Lever 
(1984) and Baldwin and Wilson (1993) both show that Lp for a denuded 
vessel is independent of pressure.  Recent studies of Prof. Rumschitzki group 
(Raval, 2012) (Shripad, 2012) have investigated the role of the plasma flow 
across the porous vessel wall.  This flow is driven by the ΔP between inside 
and outside large arteries (Pi -Po ≈ 100 mmHg) and is composed mainly by 
water (the flow across the endothelium is detailed in the previous section). 
This studies has found the fundamental role of aquaporin (AQP) family in this 
water flow crossing and how the up-regulation of AQP-1 expression with 
forskolin treatment also increases endothelial hydraulic conductivity (Lpe) in 
vessels and monolayers. Shripad, in his work (A theory for how aquaporin-1 
and trasmural pressure influence the mechanics of and the transport through 
the artery wall, 2012) extended Huang et al.’s (1997) local filtration model 
including the effects of transcellular water flow through AQP-1 water 
channels.  This broad presupposition allows to appreciate the objective of 
this work. The goal of this research is contribute at the previous results with 
an in vivo experiment with a direct measurement of the intima thickness at 
different pressure to investigated the effect of transmural blood pressure on 
intima compression in rat aorta. This study was performed on rat aorta 
pressurized at  50  and  100 mmHg perfused with a blank solution (DMSO) 
and a forskolin solution (DMSO with forskolin). Forskolin, is a labdane 
diterpene that is produced by the Indian Coleus plant and is commonly used 
to raise levels of cyclic AMP in the study and research of cell physiology. 
Cyclic AMP is an important component of cell regulation. Forskolin treatment 
increased aquaporin (Shripad, 2012). This research want to compare the 
compression of the intima and hence the hydraulic conductivity values, with 
and without functioning aquaporins at different transmural pressure. In 
order to view the degree of intima compression, the following steps were 
taken. Ten different rat aortae were cultivated with the following pressures, 
three at 100 mmHg perfused with blank solution, two at 100 mmHg perfused 
with Forskolin solution, two at 50 mmHg perfused with blank solution, three 
at 50 mmHg perfused with Forskolin solution.  The aortae were then placed 
in a glutaraldehyde solution to preserve the tissue. After the proper fixing, 
sectioning and staining protocol, cross sections of the aortae were viewed 
using a Transmission Electron Microscope, pictures were taken, and intima 
area was calculated and compared using a MATLAB program.   
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Chapter 1: Introduction 
 
1.1  Atherosclerosis 
 
Atherosclerosis is a specific type of arteriosclerosis. It refers to the 
thickening, hardening and loss of elasticity of the walls of arteries caused by 
the buildup of fat and cholesterol that form plaques in the artery wall. 
Atherosclerosis is characterized by chronic inflammation of large and 
medium size arteries and correlates with well-known cardiovascular risk 
factors. Symptoms depend on the organ system served by the affected artery. 
Severe atherosclerosis interferes with blood flow and leads to potentially 
harmful disease conditions such as myocardial infarction (heart attack) or 
cerebral ischemia (stroke).  
The characteristics of blood flow in the arteries are determinants in the 
development of the disease, including in its early stage. Anatomically, the 
characteristic atherosclerosis lesion is the atheroma or atherosclerotic 
plaque, which is a thickening of the intima, the innermost layer of the artery 
wall, which consists of the endothelium that is in direct contact with the 
blood and a subendothelial intima comprised of matrix proteins below it. 
This thickening is due to the accumulation of lipid material (fat) and 
connective tissue proliferation, which forms a fibrous coat above the lipid 
core. Such lesions, having the lipid component as their specific characteristic, 
evolve with the time. They can begin in childhood as fatty streaks (purely 
reversible) and turn into atherosclerotic plaques over years in people 
genetically predisposed to disease and to those exposed to the specific risk 
factors.  In advanced stages, plaques can narrow (cause stenosis in) the 
arterial lumen and they can be ulcerate and lead to partial of total artery 
obstruction. They can also burst and the resulting debris can be advected by 
the blood flow to cause sudden blockage of smaller downstream arteries. 
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More details about the biological structures and functions of cholesterol 
molecules and arteries and their biochemical interaction are reported below 
since they are relevant to the understanding of the transport mechanism 
underlying this phenomenon. 
 
1.1.1 Structure of artery wall 
 
The artery is composed by three principal layers. The outer layer is called 
tunica externa also known as tunica adventitia that is composed of 
connective tissue made up of collagen fibers. Inside this layer is the tunica 
media which is made up of smooth muscle cells and elastic tissue.  
The innermost layer, which is in direct contact with the flow of blood is the 
tunica intima. This layer is made up of mainly endothelial cells. And has a 
subendothelial intima comprised of collagen and extracellular matrix (ECM) 
The hollow internal cavity in which the blood flows is called the lumen 
(Vaughan, 2002). 
 
 
Figure 1:(www.wikimedia.org) Structure of an artery wall 
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The tunica externa, in arteries, is supported by an external elastic lamina. 
Collagen serves to anchor the blood vessel to nearby organs, giving it stability 
The tunica media is the thickest layer of the vessel wall ≈150 µm in rat (Shou 
Y., 2006) and it is distinguished from the inner layer (tunica intima) by its 
color and by the transverse arrangement of its fibers. In the smaller arteries 
it consists principally of plain muscle fibers in fine bundles, arranged in 
lamellæ and disposed circularly around the vessel. These lamellæ vary in 
number according to the size of the vessel; the smallest arteries having only a 
single layer, and those slightly larger three or four layers. It is to this coat that 
the thickness of the wall of the artery is mainly due. In the larger arteries, 
such as the iliac, femoral, and carotid, elastic fibers unite to form lamellæ 
which alternate with the layers of muscular fibers; these lamellæ are united 
to one another by elastic fibers which pass between the muscular bundles, 
and are connected with the fenestrated membrane of the inner coat. In the 
largest arteries, as the aorta and brachiocephalic, the amount of elastic tissue 
is considerable; in these vessels a few bundles of white connective tissue also 
have been found in the middle coat.  
The tunica intima is the innermost tunica (layer) of an artery or vein.  
The inner coat consists of three sub-layer: endothelial cells (ECs), sub-
endothelial intima (SI) and internal elastic lamina (IEL).  
The ECs are in direct contact with the blood, the cells are polygonal, oval, or 
fusiform, and have very distinct round or oval nuclei. This monolayer of 
endothelial cells (ECs) is normally joined together by tight junctions. These 
junctions have a typical size of ~20 nm (Tarbell, 2003).  ECs have unique 
functions in vascular biology that include fluid filtration, blood vessel tone, 
hemostasis and barrier function. The endothelium acts as a semi-selective 
barrier between the vessel lumen and the surrounding tissue, controlling the 
passage of materials and the transit of white blood cells into and out of the 
bloodstream.  
The blood-artery wall interface is subjected to hemodynamic stresses due to 
the flowing blood. These stresses have a tangential component, shear stress 
and a normal component, pressure and any other normal stresses. The 
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interaction between the ECs and these fluid mechanical forces leads to the 
release of substances like NO that induced vasodilation or stiffening in the 
arteries (Nerem, 1992). Under such conditions the ECs cannot function 
properly. Chronic inflammation can cause excessive or prolonged increases 
in the permeability of this endothelial monolayer.  Next to the ECs there is the 
sub-endothelial intima layer (SI) that consists of delicate connective tissue, 
mainly proteoglycans and collagen fibers. In rats, at low pressures, the 
thickness of the SI layer is found to be ≈1/2 µm (Huang, Jan, Rumschintzki, & 
Weinbaum, 1998). The SI separates the endothelium from the internal elastic 
lamina (IEL). The elastic layer (IEL), which consists of a membrane 
containing a network of elastic fibers, having principally a longitudinal 
direction and in which, under the microscope, small elongated apertures or 
perforations may be seen, giving it a fenestrated appearance. For this reason 
it is also called a fenestrated membrane. This membrane can be separated 
into several layers. Some of these layers present the appearance of a network 
of longitudinal elastic fibers and others a more membranous character 
marked by pale lines with a longitudinal direction. The IEL in the aorta and 
other large arteries is ≈ 1 µm thick, continuous elastin sheet with numerous 
fenestral holes ≈ 1 µm in radius (Huang, Jan, Rumschintzki, & Weinbaum, 
1998). Because of its structure, Huang et al. (Y. Huang D. R., 1997) propose 
that the IEL is impermeable to fluid and macromolecular transport except for 
its fenestrae. 
 
1.1.2 The earliest stages of Atherosclerosis and the role of LDL 
cholesterol 
 
The earliest stage of Atherosclerosis, also known as Atherogenesis, is 
believed to involve endothelial damage and the accumulation and subsequent 
modification (aggregation, oxidation and/or glycosylation) of low-density 
lipoprotein (LDL) cholesterol in the subendothelial intima layer of the 
arteries; these two events influence each other.  
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1.1.2.1 LDL Cholesterol 
 
LDL is the form in which cholesterol, a critical building block of all cell 
membranes, is soluble in blood, which delivers it to the cells. LDL is also the 
form that, when in excess, transports from the blood across the endothelium 
into the arterial Sub-endothelial Intima (SI). (R.Ross, 1986) (R.Ross, 1993).  
Cholesterol is an organic molecule of the sterol class (lipids) that plays an 
important role in the physiology of all  animals including humans. This 
molecule is so vital that it can be synthesized by all animal cells. It is an 
essential structural component of animal cell membranes that is required to 
maintain both membrane structural integrity and fluidity. All lipids have a 
low solubility in blood, and as a result cholesterol is transported to and from 
the cell by lipoproteins. LDL is a class of lipoproteins called low density 
lipoprotein or “bad” cholesterol because it is found in high concentrations in 
atherosclerotic lesions. Each LDL has a highly hydrophobic core consisting of 
polyunsaturated fatty acid known as linoleate and hundreds to thousands 
(about 1500 commonly cited as an average) esterified and non-esterified 
cholesterol molecules (22-26 nm in diameter).  
The Figure 3 shows LDL’s structure. 
 
 
Figure 2: (cardiologydoc.wordpress.com) LDL Structure 
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The core of an LDL particle is composed by non-polar lipids, such as 
cholesterol ester and triglycerides that is surrounded by a polar shell of 
phospholipids and unesterified cholesterol. This outer monolayer is 
negatively charged and hydrophilic and makes the molecule soluble in blood 
plasma. This is the reason why the LDLs are the major carriers of cholesterol 
in the blood. In the external part of the molecule there is also a single copy of 
Apo B-100 (apolipoprotein-B) that is a ligand that specifically interacts with 
cell surface receptors.  The ApoB acts as a ligand for LDL receptors in various 
cells throughout the body; these receptors fish out LDL from the blood and 
deliver their content cholesterol to the cells (N. Simionescu, 1986). 
The entry of LDL into the arterial SI is due to the macromolecular 
permeability of the endothelium, which some believe is increased due to its 
having been functionally or anatomically damaged but others believe is a 
natural response to endothelial cell turnover. Once in the SI it can accumulate 
by binding to the constituents of the extracellular matrix (ECM) of the SI; this 
binding dramatically increases the residence time of lipoproteins in the SI. An 
important factor linked to the increase in the amount of the connective 
matrix in the intima (called intimal thickening) is the shear stress or friction 
of the blood flow on the endothelial surface of the vessel wall (hemodynamic 
stress). This stress is particularly low in the branch points and the inner 
portions of regions of high vessel curvatures, which are the locations 
particularly predisposed to the development of atherosclerotic lesions. 
 
1.1.2.2 The early prelesion  development of atherosclerosis 
 
The oxidation of LDL lodged in the SI ECM, perhaps by the endothelium or by 
the presence of reactive oxygen species inside the SI layer, initiates a cascade 
of inflammatory responses, including the adherence of blood borne 
monocytes, to the luminal surface of the endothelial cells (ECs). These begin 
with the adherence of blood-borne monocytes to ECs covering regions of 
early SI LDL accumulation. The monocytes transmigrate through the normal 
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endothelial junctions into the SI, probably in response to the signals issued 
by the damaged endothelium, and become activated macrophages.  
The macrophages phagocytose the oxidized lipoproteins lodged in the SI and, 
in normal circumstances, escape back into the blood and are delivered to the 
liver. Because of their inability to adequately metabolize the cholesterol 
content in these LDL, the macrophages can transform into necrotic foam cells 
(or foaming) when they are overloaded with cholesterol and remain in the SI. 
In this process where the macrophage/foam cells are overwhelmed, this 
breakdown in the macrophage escape process allows an increase in the 
amount of extracellular lipid, which together with foam cell formation, turns 
into early fatty streaks.  In summary, the earliest atherosclerotic lesions are 
composed of the accumulation of lipid and necrotic cells. Such lesions mature 
and thicken the arterial wall, which, as noted, can eventually compromise the 
cross section for blood flow and increase the possibility of blockage, rupture 
or clot formation. 
A fatty streak can cause the vessel to protrude into the blood flow path and 
cause some ECs to be sheared off.  Platelets can adhere to these denuded 
regions where the ECs and SI have been  stripped away and this and the 
formation of intramural thrombus (ulceration of atherosclerotic plaques), 
can contribute to the growth of arterial lesions. 
 
 
 
Figure 3: (www.wehealny.org) 
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Figure 3 shows a comparison of blood flow in a normal and diseased artery. It 
illustrates how an atherosclerotic lesion that initially forms inside the artery 
wall protrude into the lumen and obstruct blood flow. 
Atherosclerosis is caused by the concurrence of several factors, which can be 
grouped into two classes: systemic and local factors. The systemic factors are 
represented by cardiovascular risk factors and include non-modifiable 
factors (age, sex and genetic characteristics) and modifiable factors (smoking, 
hypercholesterolemia, hypertension, obesity, diabetes, etc..). Local factors are 
formed by mechanical stresses produced by blood flow, either laminar or 
turbulent. The blood flow applies two basic forces to the vessel wall: a shear 
stress and a normal stress. The shear stress is produced by the friction (from 
the no-slip condition) of a laminar flow (at least in a thin sublayer very close 
to the endothelium) on the endothelium and only affects the endothelial cells. 
The normal stress is produced by the hydrostatic pressure in the blood and 
affects the entire vessel wall, including its intima, media and adventitia. 
Mechanical stresses are not homogeneous because their intensity varies 
according to the size and the shape of the vessel: the stress are more intense 
in some regions than in others, e.g., in bends, bifurcations. It turns out that 
atherosclerosis tends to be localized in regions of curvature and branching in 
arteries where the flow patterns become complex and the fluid shear stress 
differs from their distribution patterns in straight portions of vessels (Nerem, 
1995). Fluid dynamic studies suggest that the sites of atherogenesis are 
where the wall shear stress is lower; it is known that ECs turnover and 
endothelial macromolecular permeability are elevated in these low shear 
regions and, consequently, the accumulation of macromolecules is far faster 
there than in other portions of the arterial wall.  
The fact that the first stage of the lipid accumulation occurs in the intima 
layer suggest that the SI could be the most important structures to study 
vascular fluid mechanics in order to understand the process of lipid 
accumulation in the vessel wall. For this reason this research is focused on 
understanding what happen inside the intima layer in the earliest stage of 
arterial (intimal) lesion formation. 
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1.1.3 Transport across the endothelium 
 
As mentioned above, the macromolecular transport of LDL into the artery 
wall, from the blood across the endothelium, is a critical process in 
atherogenesis. Comparing the size and sealing of endothelial junctions (20 
nm) with that of a large macromolecule like LDL (22-26 nm), the obvious 
question is how LDL can penetrate the intact endothelium. It is believed that 
there are two main pathways for the transendothelial transport of 
macromolecules: a transcellular pathways by vesicular routes and transport 
across large paracellular channels. Much literature has attempted to discern 
the relative importance of these two paths to understand the most 
preferential pathway for macromolecules. 
Rosengren (Rosengren B.I., 2004) focused his work on trying to prevent the 
transcytosis that would allow transendothelial transport but found no 
difference in the overall transport of LDL. This and other research (Tarbell, 
Shear stress and the endothelial transport barrier, 2010) (Cancel L.M., 2007) 
(Wiklund O., 1985) allow one to conclude that the paracellular route is the 
dominant pathway for LDL transport. 
Other important work of Weinbaum et al. (Weinbaum S., 1985) illustrates 
that large molecules cross the arterial endothelium via very rare (~1 in 
2000-6000 ECs in rat aorta (S. Chien, 1988)) endothelial cells, many 
associated with leaky junctions (30-1000 nm) around endothelial cells that 
are either in the state of cell turnover, i.e., that are either dividing (mitosis) 
(Weinbaum, 1998) or dying (apoptosis) (Chen Y.L., 1995). 
It is possible examine the local fluid mechanics of these leaky junctions. High 
values of shear stress are associated with the suppression of both mitosis and 
apoptosis; conversely locations where the shear stress is low correspond to 
regions where these two phenomena are increased (Dimmeler S., 1996), (Cho 
A., 1997). This behavior supports the hypothesis that the leaky junctions 
would be more prevalent in regions of low shear stress and separated flow 
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regions rather than in regions of higher, unidirectional shear stress. This 
thesis is also supported by the common locations of atherosclerotic plaques.  
These studies have established that this transport is due to the advection of 
macromolecules by transmural, pressure-driven water transport through 
these leaky junctions.  Although large macromolecular aggregates such as 
LDL need preferentially enlarged junctional sites in order to cross the 
endothelium, water, a very small molecule, can cross the normal endothelium 
uniformly e.g., through normal tight junctions. Transmural  water flow, 
together with the diffusion, can further transport lipoproteins that have 
already entered the vessel intima. Thus the total transmural water transport, 
and not just the portion through leaky junctions, appears to play a central 
role in transporting low-density lipoprotein (LDL) cholesterol into and 
through the subendothelial space and determining its local concentration 
there. Hence to study the water flow it is necessary to measure an important 
transport property of the of the artery wall: the hydraulic conductivity Lp.  
 
1.2 Hydraulic Conductivity (Lp) 
 
The hydraulic conductivity Lp, is the proportionality term that relates the 
transmural water flux to the total pressure difference across the wall.  
The Starling equation, illustrating the role of the hydrostatic and osmotic 
pressure gradients in the filtration of a fluid across a membrane in the 
presence of a solute (Scallan J, 2010), has the following expression: 
 
                 
 
where:    is the net fluid volumetric flux between compartments, 
         is the net driving force, 
    is the hydrostatic pressure drop across the membrane 
    is the osmotic pressure across the membrane 
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S is surface area. 
σ is the osmotic reflection coefficient. 
The osmotic reflection coefficient, σ, varies between 1 and 0 and indicates the 
likelihood that a molecule approaching a pore (or any structure that conducts 
fluid) in a membrane will be reflected back from the pore and retained in the 
vascular compartment. At one extreme, when σ = 1, the barrier is a perfect 
semi-permeable membrane, where only water can pass, while all solutes are 
excluded and therefore are reflected back 100% of the time. In this state, the 
gradient of the osmotic pressure is fully realized. At the other extreme, when 
σ = 0, none of the solute is reflected at the barrier. Under these conditions, no 
osmotic pressure can exist, and the hydrostatic pressure gradient alone 
drives the fluid movement. It must be stressed that the osmotic pressure is 
not a corrective term, but it can assume an important role in fluid filtration. 
The hydrostatic pressure drop, ΔP, indicates the pressure difference between 
lumen and adventitia, and represents the driving force for transmural water 
flow, in the absence of any osmotic pressure.   
For a simple material one would expect Lp to be a constant that is 
independent of ΔP. There have been many investigations (Baldwin, Wilson, & 
Simon, 1992) (Tedgui & Lever, 1984) (Shou Y., 2006) focused on measuring 
the Lp of aortas from various animal species as a function of transmural 
pressure ex vivo. Tedgui & Lever and Baldwin & Wilson studied the effect of 
pressure on fluid filtration through intact and denuded (de-endothelialized) 
whole rabbit aortic wall, while Shou et al. and Nguyen did analogous 
experiments on intact and denuded whole rat aortic wall. All of these studies 
have been carried out ex vivo. Comparison of the intact and the denuded 
vessel experimental results allow one to infer the contribution of the 
endothelium to the overall Lp of the vessel wall.  The Figure 4 and 5 shows 
the Lp results obtained by these researchers. 
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Figure 4: (S. D. Joshi, 2012) Hydraulic conductivity (Lp ) as a function of transmural 
pressure. Reported above are results obtained by Tedgui & Lever  (Tedgui & Lever, 
1984) and Baldwin & Wilson (Baldwin, Wilson, & Simon, 1992) for rabbit aorta (    
intact endothelium,      denuded endothelium). Errors bars represent standard 
deviations. 
 
Figure 5 : (S. D. Joshi, 2012) Hydraulic conductivity (Lp ) as a function of transmural 
pressure. Results obtained  by Shou et al. (Shou Y., 2006) and Nguyen et al. (Nguyen, 
2008) for rat aorta.  
Note that the baseline results are same as those shown in Fig.4. 
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Tedgui and Lever developed a technique to measure Lp in whole aortas ex 
vivo without the need of a rigid support. Baldwin & Wilson (Baldwin & 
Wilson, 1993) used Tedgui & Lever’s (Tedgui & Lever, 1984) technique and 
repeated intact and denuded Lp measurements on same rabbit aortas at five 
different pressures. The results of both groups showed qualitatively similar 
trends although the results of Baldwin and Wilson are double respect to the 
others obtained by Tedgui & Lever. Experimental results of Tedgui & 
Lever and Baldwin & Wilson both show a higher value of Lp at low pressures 
(60-70 mmHg) which drops by ~40% (from 50 to 75 mmHg) at higher 
pressures and remains relatively pressure-insensitive beyond, up to 
~180mmHg. Their de-endothelialized arteries had higher Lp values than 
those of the intact vessels: endothelial removal doubles Lp and renders it 
pressure-insensitive. Shou et al. and Nguyen et al. extended this technique to 
the much smaller rat model and repeated these Lp measurements. They 
found Lp trends, both with and without endothelium, that agree 
quantitatively with Tedgui & Lever and qualitatively with Baldwin & Wilson, 
suggesting that there is little species variation in Lp-trends in large arteries.  
As noted, intact aortic Lp drops significantly from 60 to 100 mmHg and then 
remains pressure-insensitive, i.e., acts as a simple material, beyond this value 
to the highest pressures measured. Huang et al. (Huang, Rumschitzki, Chein, 
& Weinbaum, 1997) explained this behavior by observing the vast difference 
in tissue density, or its dual, tissue void space, between the sparse SI and the 
dense media. Accordingly, they postulated that the SI is very compressible 
and the media is relatively incompressible under physiological transmural 
pressures. This hypothesis could explain that the variation in Lp with 
increasing transmural pressure is due by intimal compression under 
pressure loading from 60 -100 mmHg. They suggest that in the first stage 
with lower pressure the intima is not compressed and then allows a high 
transmural water flux at relatively low P. When the pressure increases, it 
causes the proteoglycans matrix in the SI to compress, thereby decreasing 
the void space between the fibers and increasing its resistance to flow. More 
importantly, the compression of the SI constrains the endothelium to partial 
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block the internal elastic lamina fenestrae and consequently inhibits some of 
the flow through them. This inhibition may be responsible for the observed 
Lp lowering with ΔP. The intima’s maximum compression occurs when the 
proteoglycans matrix is maximally compressed and the much stiffer collagen 
fibers inhibit further compression. After this maximum compression the sub-
endothelium intima structure and its filtration properties change very little 
with further increase in P; this is why the wall Lp remains P-independent 
at higher pressures. Endothelial removal eliminates both a layer of 
resistance, and thus fenestral blocking potential, thereby increasing Lp and 
explaining the denuded vessel Lp’s pressure insensitivity. As previously 
mentioned, the media is very dense compared with the SI and consequently 
media layer compression with increasing pressure is minimal (Huang, 
Rumschitzki, Chein, & Weinbaum, 1997) 
To quantitatively explain the trends of Lp with different transmural pressure, 
Huang et al. (1997) constructed a local two dimensional model for the 
filtration through a fenestral pore in a compressible intima. They also 
included the variation of the Darcy permeability Kp of the SI as a function of 
intimal compaction. This work underlines that fenestral blockage plays a 
dominant role upon pressure-induced intimal compaction and also explains 
the Lp variation observed by Tedgui & Lever (1984), Baldwin & Wilson 
(1992) and is also consistent with subsequent authors (Joshi, 2012).  
Huang et al. (1998) measured for the first time the effect of transmural 
pressure on intima layer thickness and showed that the intimal matrix is 
indeed compressible. In light and electron microscope observations they 
found numerous sites where the endothelium puckers into the fenestral 
pores at high lumen pressure, as predicted by the theory in Huang et al. 
(1997). 
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Figure 6: (Huang, Jan, Rumschintzki, & Weinbaum, 1998)Electron Micrograph of 
Aorta, Magnification X8000 
 
 
Figure 7: Convective-diffusive model of transendothelial  transport flow  of water and 
large molecule such as LDL proposed by Huang et al. (Huang Y., 1995) 
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 Figure 6, from Huang et al. (Huang, Jan, Rumschintzki, & Weinbaum, 1998), 
is a light micrograph of an aorta fixed under pressure that shows an EC 
blocking and IEL fenestrae. The convective-diffusive model of 
transendothelial  transport flow is showed in  Figure 7. 
Although only some are directly measurable, it is possible, in principle, to 
distinguish the Lp ’s of the various layers of the artery wall such as that of the 
endothelium, the normal junction, SI, IEL, media, endothelium & SI, IEL & 
media, and total arterial wall, which we denote as: Lpe , Lpnj , Lpi , LpI , Lpm, 
Lpe+i, Lpm+I, Lpt, respectively. Lpm+I is the hydraulic conductivity of the 
denuded vessel representing the contributions of the IEL and the media. The 
inverse of hydraulic conductivity (1/Lp) is a form of a specific resistance 
offered by each layer of an arterial wall and assuming linearity, the resistance 
of a series of adjacent linear resistant layers add: 
 
   
 
 
     
  
 
     
 
 
1.3 Aquaporin-1 and transcellular water transport 
 
The transmural transport of blood plasma (which we refer to as water, since 
plasma is ≈95% water) discussed in earlier sections assumes water flow 
through leaky and normal/tight junctions surrounding leaky and the far 
more numerous normal ECs, respectively. 
In many plant and animal cells, there is a family of specific membrane protein 
channels for water transport across these membranes called aquaporins 
(AQP), or water pores.  AQP are a family of channel proteins that facilitate the 
very fast flow of water molecules into or out of the cells of specific tissues. 
They also can act to drain the blood supply inside the kidney. Aquaporins 
conduct water molecules in a highly selective manner in and out of the cell, 
while preventing the passage of ions and other solutes. These water pores 
are completely impermeable to charged species, such as protons or H3O+, a 
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property critical for the conservation of the membrane's electrochemical 
potential difference. AQP water transport is passive transport without energy 
cost; the passage of water from one side to the other site of the membrane is 
due to a combination of pressure and osmotic gradients (Agre, 2006). The 
presence of water channels often accounts for nearly all of a membrane’s 
permeability to water. There are thirteen known types of aquaporins in 
mammals, and six of these are located in the kidney. The most studied 
aquaporins are AQP-1 (aquaporin-1). This molecule is the first member of 
this family that Agre and coworkers (Preston G.M., 1992) discovered. It acts 
as a specific water channel in endothelial and red blood cells. (Nielsen S., 
1993) (Macey, 1984).  These highly selective passive AQP-1 water channels 
allow high throughputs of water (≈3x109 molecules/sec) in response to, e.g., 
osmotic gradients, at little or no cost in ATP (Murata K., 2000). Using 
immunocytochemical techniques, Nguyen et al. (Nguyen, 2008) and Yan et al. 
(Xue, 2011) have shown the presence of AQP-1 in bovine aortic ECs (BAECs) 
and rat aortic ECs (RAECs) in vitro, respectively, while their presence in the 
rat aorta ex vivo has been demonstrated by Toussaint et al. Jimmy Toussaint 
using an immunohistochemical technique, has established that rat aortic 
endothelial cells (RAECs) avidly express AQP-1 ex vivo (Toussaint, 2009). 
This discovery suggests the new possibility of transcellular water flow 
through AQP-1s, alongside the generally accepted paracellular route. 
Moreover, in the same research, Toussaint found in two different models of 
rat hypertension, that whole rat aortas upregulate the numbers of AQP-1s 
that they express in response to a chronic increase in ΔP.  
More recently, C. Raval (Raval, 2012) has found that certain cAMP (cyclic 
adenosine monophosphate) agonists upregulate endothelial AQP-1 
expression in BAEC (bovine aortic endothelial cell) monolayers and whole rat 
aorta ex vivo. The group of Prof. Rumschintzki is interested in investigating 
the potential role of AQP-1 in water transport across the endothelium and 
through the artery wall and in its affects on artery wall mechanics, i.e., on SI 
compression and consequent alteration of vessel wall Lp with P.  
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T. Nguyen (Nguyen, 2008), S. Russell (Russell, 2009) and Y. Xue (Xue, 2011) 
showed that chemical blocking of AQP-1 with HgCl2 or knocking down AQP-1 
expression using siRNA, small interfering RNA, againstAQP-1 significantly 
reduces BAEC and RAEC monolayer hydraulic conductivities. Nguyen’s in 
vitro experiments showed an average 22.1+/-6% decrease in water flux for 
HgCl2 treated (AQP-1-blocked) BAEC monolayers compared to controls 
(without HgCl2), whereas the siRNA studies showed 53% and 59.2% drop in 
BAEC and RAEC monolayers relative to controls.  
Subsequent studies with tracer molecules that only cross the endothelium 
paracellularly (through junctions) showed no significant change in junctional 
transport, implying that the observed drop in Lp is primarily due to 
reduction in transcellular water transport. 
Nguyen and Xue carried out ex vivo studies to measure the hydraulic 
conductivity of an excised vessel as a function of pressure, first with 
functioning AQP-1s and then with chemically blocked AQP-1s using HgCl2 
(Nguyen, 2008) or with AQP-1s knocked down (Xue, 2011)), on the same 
vessel. The statistically significant decreases of ≈ 32+/-4%; 11+/-2% & 5+/-3 
%  in intact vessels’ hydraulic conductivity, observed experimentally in case 
of blocked AQP-1s (Nguyen, 2008), at 60,100,140 mmHg respectively, 
indicate that AQP-1s seem to play an important role in transendothelial 
water transport. Since the wall’s total resistance to flow, 1/Lpt, is the sum of 
the resistance of the endothelium plus SI and that of the media plus IEL, 
resistance in series, one finds that the endothelial Lp drops by 51+/-2.3%, 
21+/-4% and 11%+/-7, respectively, at these pressures. AQP-1 knockdown 
studies, which require a much more challenging experimental setup, showed 
a nearly drops in Lp at 60 and 100 mmHg in whole rat aortas ex vivo that 
nearly identical to the HgCl2 studies (Xue, 2011).  
The results of both of these experiments suggest a significant contribution of 
AQP-1 mediated transcellular flow to overall water transport across the 
vessel wall. However, a strong pressure-dependence of the decrease in Lp of 
the vessel wall suggests that the effect of AQP-1 blocking on total Lp is not 
simply due to lower hydraulic conductivity of the endothelium (Lpe), but 
      Arterial endothelial AQP-1 expression and subendothelial intima thickness and its relevance to prelesion events leading to atherosclerosis      
 
 30 
rather to something more subtle. Recall Huang et al.’s (Y. Huang D. R., 1997) 
intimal compression theory (without blocker) argued that at higher 
transmural pressures (beyond ≈ 80-90 mmHg) the intima becomes fully 
compressed and therefore Lp becomes ΔP-independent. Although, in the case 
of blocked AQPs, Nguyen (Nguyen, 2008) found a percent drop in Lpt of the 
intact aortic wall relative to the blocker-free case that was highly pressure-
dependent, their actual Lpt values showed near ΔP-independence that 
extended to much lower pressures (≈ 60 mmHg), where the unblocked 
intima is not compressed (Figure 8). This suggests that AQP-blocking may 
lead to premature intima compaction at a lower overall ΔP. Joshi et al (S. D. 
Joshi, 2012) developed a theory that extended the Huang et al (1997) to 
include trans-AQP in parallel with trans-junctional water flow to show that 
this hypothesis indeed predicts such changes and makes quantitative 
predictions for experimental tests of it. Their theory predicted that the 
increase in endothelial Lp will have the effect of lowering the fraction of the 
transmural pressure difference that occurs across the endothelium, and 
therefore, lower the force/area on the endothelium at a given transmural 
pressure. They deduced that in the regime of transmural pressures close to 
the critical force/area needed to compress the vessel SI, an increase in 
endothelial AQP-1 would then have the potential to decompress the SI at 
those pressures. Such decompression would then unblock IEL fenestrae and 
lead to a significant increase in vessel wall Lp at those pressures. At lower 
pressures, the SI is decompressed even at normal AQP-1 expression and at 
higher pressures; this decrease in force/area would be insufficient to 
decompress the SI.  
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Figure 8: (Nguyen, 2008) Nguyen’s  hydraulic conductivity as a function of pressure 
for intact endothelium with and without HgCl2 (baseline), and for denuded 
endothelium. Note that the baseline results are same as those shown in Fig.4. 
 
Based on these predictions, Raval et al. (Raval, 2012) did a series of 
experiments on whole rat aorta ex vivo. They first study the effect of forskolin 
on AQP-1 expression in aortic ECs in whole vessels ex vivo. Raval et al. (Raval, 
2012) performed immunohistochemistry on untreated and treated (0.1%wt 
DMSO with or without forskolin) rat aortas to investigate AQP-1 expression 
in the endothelium. They then measured Lpt of the intact artery wall ex vivo 
with normal functioning AQP-1s at 75 and 120 mmHg. They then treated 
these vessels with forskolin, a chemical reagent that they showed up-
regulates the AQP-1s expression in AECs (aortic ECs), and repeated these Lpt 
measurements on the same vessels. They observed a ≈ 30% increase in Lpt at 
75 mmHg and a negligible change at 120 mmHg, as predicted by Joshi et al. 
Quantitative comparison of the 75 mmHg values with Joshi et al’s filtration 
theory’s predictions suggest forskolin up-regulated EC AQP-1 numbers by 
50-100%. Figure 9 shows this comparison of theory with experiment.  
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The results of this research show that forskolin treatment increased whole 
wall Lp 33±5% at 75mmHg and this increase corresponds to a 50% increase 
in AQP-1 function/expression (estimate). 
 
Figure 9: (Raval, 2012) Effect of an increasing AQP-1 contribution on Lp:  
theory vs experiment 
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1.4 Objective of the study 
 
Motivated by the previous works about the atherosclerosis problem done by 
Prof. Rumschintzki’s team, the second chapter of this thesis attempts to 
experimentally explore the influence of increasing AQP-1s on the 
subendothelial intima (SI) thickness. To better understand the developments 
of this study, we begin by detailing the most important results of these 
previous researches. Huang et al. (A fiber matrix model for the filtration 
through fenestral pores in a compressible arterial intima, 1997) proposed a 
new hypothesis and developed a mathematical model to explain rationally 
the changes in the hydraulic conductivity of the artery wall of rabbit aorta ex 
vivo with transmural pressure previously observed by Tedgui and Lever 
(Tedgui & Lever, 1984) and Baldwin and Wilson (Baldwin & Wilson, 1993). 
Huang et al. hypothesized that the compaction due to pressure loading of the 
collagen and proteoglycan matrix in the arterial SI near the fenestral pores of 
the internal elastic lamina (IEL) leads to a narrowing of the pore entrance 
area and a large decrease in the local intrinsic Darcy permeability of the 
matrix. They proposed a local, two-dimensional model to study the filtration 
flow close to the fenestral pores in a compressible intima. This model 
provided several important predictions for the developing of the following 
work, such as that the hydraulic conductivity would decrease by one half as 
the thin SI layer between the endothelium and the internal elastic lamina is 
compressed approximately five-to-sixfold as the lumen pressure is raised 
from 0 to 150 mmHg. These compressible SI model results were consistent 
with the hypothesis that increasing transmural pressure compacts the 
arterial intima near the IEL fenestral pores and lowers the hydraulic 
conductivity. The model also found a marked, nonlinear steepening of the 
radial SI pressure profile near the fenestral pore when the SI significantly 
compacts. This suggested that the endothelium deforms near the fenestral 
pores at high luminal pressures and that the primary pressure drop occurs 
near the pore’s edge. The one-dimensional behavior exhibited in the SI for 
the SI velocity and pressure distribution suggested that a one-dimensional 
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approximation for these flow variables would have to be generalized to a 
more complex elastohydrodynamic model for a deformable SI in order to 
relate the endothelial deformation to the local subendothelial pressure field. 
Moreover a simple linear elastic behavior for intimal matrix compression is 
only suitable at low transmural pressures. This work proposed, on the basis 
of the experimental data, that the loose PG matrix first compresses at low 
transmural pressures up to ~75-100 mmHg. The matrix then exhibits a much 
stiffer behavior in which the collagen matrix predominantly carries the 
normal load and resists further compression (Huang et al. 1997). Another 
fundamental work of Huang et al. (Structural changes in rat aortic intima due 
to transmural pressure, 1998) tested these predictions and represented the 
first measurements of the effect of transmural pressure on SI layer thickness. 
It showed that the SI matrix is, indeed, surprisingly compressible. Rat 
thoracic aortas were perfused in situ with 2 percent glutaraldehyde solution 
at 0, 50, 100, or 150 mm Hg lumen pressure and sectioned for light and 
electron microscopic observations. Electron micrographs showed a nonlinear 
decrease in average SI thickness with an increase of the lumen pressure (0-
150 mmHg). This study demonstrated that the arterial intima is indeed very 
compressible and that its percentage change in thickness is more than 20 
times the relative change in medial thickness due to hoop tension when 
assuming constant medial density. Even though the SI layer, which comprises 
less than 1 percent of the vessel wall, the model shows it can have a profound 
effect on the total wall's hydraulic conductivity. The combined effects of a 
large decrease in Darcy permeability due to SI matrix compaction and a five-
to-sixfold or greater narrowing of the entrance height to the fenestral pore 
openings, far outweigh the small increase in fenestral pore area due to wall 
expansion under pressure and provide for an increased hydraulic resistance 
that is comparable to the entire media at pressures above a "critical 
pressure" for fenestral blockage. This entire effect is lost for a vessel denuded 
of its endothelium where the hydraulic conductivity Lp measurements in 
Tedgui and Lever (1984) and Baldwin and Wilson (1993) both show that Lp 
for a denuded vessel is independent of transmural pressure. Recent studies 
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in Prof. Rumschitzki group (Raval, 2012) (Shripad Joshi, 2012) have 
investigated the role of the up-regulation of the membrane protein 
aquaporin-1 in aortic endothelial cells (ECs) on the plasma flow across the 
porous vessel wall. This flow is driven by the ΔP between the inside and the 
outside of large arteries (Pi -Po ≈ 100 mmHg) and mainly represents the flow 
of water and small solutes. The flow across the endothelium is detailed in the 
previous section. Earlier studies in the group (Shou, Nguyen, Toussaint, Xue) 
have shown the fundamental role that AQP-1 plays in this transmural water 
flow and how its blocking or down-regulation lowers the transmural flow. 
These later studies show, both theoretically and experimentally, how the up-
regulation of AQP-1 expression with forskolin treatment increases 
endothelial hydraulic conductivity (Lpe) in vessels and monolayers. Joshi, in 
his work (A theory for how aquaporin-1 and trasmural pressure influence 
the mechanics of and the transport through the artery wall, 2012) extended 
Huang et al.’s (1997) local filtration model to include the effects of 
transcellular water flow through AQP-1 water channels. It predicts that an 
increase in aortic EC AQP-1 should increase the critical transmural pressure 
at which the SI compresses and thus at which the total wall Lp (Lpt) drops 
precipitously. Raval has shown that AQP-1 up-regulation indeed increases 
the critical pressure at which Lpt drops. This overview allows one to 
appreciate the objective of this work. 
The goal of this research is contribute to the previous body of work with an in 
vivo set of experiments to directly measure the SI thickness at different 
pressure to investigate the effect of transmural blood pressure on SI 
compression in rat aorta. This study was performed thus far on rat aortas 
pressurized at  50  and  100 mmHg (the lab is also doing 150 mmHg and 75 
mmHg) perfused with a blank solution (DMSO) or with a forskolin solution 
(DMSO with forskolin). Forskolin, as stated above, increases EC membrane 
aquaporin-1 in the ECs of whole rat aortas ex vivo. This research aims to 
compare the compression of the SI in order to understand the differences in  
the aortic hydraulic conductivity values, with normal and elevated 
functioning aquaporins. 
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Chapter 2: Experimental Section 
 
Briefly, the goal of this thesis work is to measure the SI thickness at different 
transmural pressures to investigate the effect of transmural blood pressure 
on SI compression in rat aortae. This portion of the study was performed on 
rat aortae pressurized at  50 and 100 mmHg perfused with a blank solution 
(DMSO) or with a forskolin solution (DMSO with forskolin). This was done to 
compare the compression of the SI with normal and elevated functioning 
aquaporins at different transmural pressures. 
In order to view the degree of SI compression, the following steps were 
taken; the sections below will expand upon the details. Ten different rat 
aortae were fixed in situ at the following pressures: three at 100 mmHg 
perfused with blank solution, two at 100 mmHg perfused with forskolin 
solution, two at 50 mmHg perfused with blank solution and three at 50 
mmHg perfused with forskolin solution.  The aortae were then placed in a 
glutaraldehyde solution with osmium tetroxide to further fix and preserve 
the tissue. After the proper fixing, sectioning and staining protocol, cross 
sections of the aortae were viewed using a Transmission Electron Microscope 
TEM, pictures were taken, and SI area and length in each TEM picture was 
calculated and compared using a MATLAB program. The ratio of area to 
length is the mean SI thickness in that TEM. The exact procedure is as 
follows. 
The general references for the tissue preparing for TEM (both embedding, 
sectioning and staining procedures) are from the specified scientific volumes. 
(Glauert A.M., 1998) (Reid N., 1991) (Lewis P.R., 1977) (Griffiths, 1993). 
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2.1 The Dissection of  Sprang Dawly Rats 
 
The first part of this experimental work was done with the collaboration of 
Dr. Jimmy Toussaint, a research scientist who collaborates with Professor 
Rumschintzki’s laboratory. Our team work was done utilizing aorta arteries 
that were extracted from male Sprang Dawly rats of a mass, m≈300g.  The 
rats were ordered through the Animal Facility in the Marshak building at 
CCNY. The rat supplier is Charles Rivers (New York – Kingston).  
 
2.1.1 Required Chemicals and solutions 
 
 Only sterilized de-ionized (DI) water should be used. The autoclave 
machine was used to sterilize all instruments used. 
 Pentobarbital (this powder is controlled and is purchased only with a 
prescription). A Solution of pentobarbital (1 wt %) was prepared by 
dissolving 0.5 g of the pentobarbital powder in 50 ml of sterilized de-
ionized water.  
 PBS (Phosphate Buffered Saline) was acquired in small packs. A 0.01 M 
solution can be prepared as instructed on the pack (in our case one pack 
of PBS powder per 1 liter of water). 
 A small quantity of DMSO was used to dissolve forskolin, which alone is 
insoluble in water, and this mixture then dissolved in PBS; the same 
amount of DMSO without forskolin was used as a blank solution. These 
solutions contained less than 0.01 % by volume DMSO. Comparison with 
earlier results of similar experiments with DMSO-free blank solution 
indicated that this small amount of DMSO had not effect on the vessel or 
on its SI thickness. Fresh solution was prepared: 85 µL of 50% DMSO in 
50 ml of 0.01 M PBS solution. 
 Forskolin arrives as a powder (in small quantities. e.g. 10 milligrams).  
To get a 10 µM forskolin solution in PBS, 10 mg of forskolin was dissolved 
in 2 ml of 50% DMSO (concentration of forskolin: 2.5 mg/ml) and then 
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diluted to a 10 µM solution with a 0.01 M PBS solution (fresh solution was 
prepared: 85 µL of 2.5mg/ml forskolin in 50 ml of 0.01 M PBS solution). 
 Heparin is used as an anticoagulant. 1000 units (193 units/mg) of heparin 
was dissolved in 1 mL of sterilized deionized water. A solution of 5000 
units was prepared with 25.9mg of heparin in 5 mL of water. 500 µL of 
heparin was added at 50 ml of PBS for the first part of the dissection. 
 Glutaraldehyde was acquired as a small volume solution (10 ml of 50% 
gluteraldehyde in H2O). The solution had to be diluted to 250 ml with 
water to yield a 2% glutaraldehyde solution. 
 
2.1.2 Required Sterile Equipment 
 
The instrument used for this part of the experiment are: super-fine dissecting 
forceps (serrated and straight), fine dissecting forceps (serrated and 
straight), wide tip tissue forceps (serrated and straight), hemostat forceps 
(serrated and straight), micro scissors (straight), operating scissors (straight 
stainless steel), standard scissors, spring scissors and disposable scalpels. 
The required pressurizing equipment includes: clamps, tubing, rubber cork 
with a hole in it, manometer, respirator, 50 ml syringes HSW Luer (Chicago-
IL), 3 ml syringes with 23G 3/4 needles (green/grey), 3-way stopcocks, Luer 
connectors and tubing adapters (23G). The picture below shows the pressure 
set up used for this part of the experiment. The equipment and DI water had 
been sterilized in an autoclave machine for about 25-30 minutes. 
 
Figure 10: Pressure set up for the dissection of sprang dawly rats 
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2.1.3 Procedure of Rat Dissection 
 
The first step was to prepare the pressure setup; 4 syringes of 50 mL were 
used. The first syringe was filled with PBS and 500µL of heparin, the second 
with DMSO/PBS or forskolin/DMSO/ PBS and the last two syringes with 2% 
glutaraldehyde solution. The syringes were then connected to a system of  
three-way tubes and stopcocks. The entire process (respirator, pressure 
holding containers and PBS, DMSO/forskolin and glutaraldehyde containing 
syringes) needed to be checked for confirmation of its operability. The 
syringes must contain the correct fluids at the correct volumes and there 
should be no leaks. 
 
 
Figure 11: Syringes and three-way cocks system 
The rat was weighed on a scale in a small cage. The cage allows a reliable way 
to assure that the rat was fully placed on the scale, and hence that the 
measured weight is correct. The weight of the cage, certainly, needs to be 
subtracted to get the net weight of the rat. The next step was to anesthetize 
the rat: 0.5 ml of pentobarbital 1% per 100g of rat (1.5 ml for a rat of 300g) 
via i.p. (intraperitoneal) injection. The rat was put into a cone-shaped 
restraining bag with holes at both ends for breathing in order to minimize the 
rat’s movement during the anesthesia procedure. The rat was held firmly in 
order to restrain its movement during the shot. The pentobarbital was given 
to a rat in the intraperitoneal area with a 23 G 3/4 needle. The rat was then 
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returned to the transport (larger) cage and was left for 20 minutes to doze 
off. During this time the anesthesia diffused into the circulatory system. The 
circulatory system delivered it to the central nervous system.  
 
Figure 12: (www.procedureswithcare.org.uk) Intraperitoneal rat injection. 
 
When the rat was asleep, it was put on a styrofoam tray and secured (taped) 
to the tray for convenient working conditions.  
 
Figure 13: Immobilization of the rat  
The next step, call a tracheotomy, was a tricky phase and consisted of making 
an incision into the trachea, cannulating it and attaching it to a rat respirator. 
The trachea was located by severing muscles. The throat muscles were 
exposed using scissors to cut the skin (no shaving of the fur). The trachea was 
then exposed with tweezers by moving the tissues apart (rather than cutting 
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them) to avoid the injury to important tissues (e.g. a vein or artery). The 
trachea must be exposed very carefully and separated slightly from the 
muscles around it using forceps and tweezers. The three-way tubing was 
then prepared, where two ends emerge from the respirator tubes and the 
third end was attached to the thin end of a connector.  
 
Figure 14: Three-way tubing 
 
A forceps was placed below the trachea (Figure 15) and 2 wires/threads 
were inserted under the trachea to prepare for tying the tube to the trachea 
immediately after its insertion into the trachea. An incision was made in the 
trachea. A whole of a sufficient size (for tube insertion) must be made in the 
trachea but not all the way through. The respiration tube was then inserted 
into the incision in the trachea and the tube was tied to the trachea with the 
prepared threads immediately after this insertion. The tube and trachea 
complex were secured with a clamp and were pulled aside using hooks and 
the respirator was turned on and set to the appropriate frequency to keep 
the rat breathing properly. 
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Figure 15: The holding tool is placed underneath the trachea. 
(In order to ease the access to the trachea and to prevent any movement.) 
 
The next step was the cannulation of the carotid artery (CA). The CA was 
isolated on the left side of the trachea by removing the muscles with a 
forceps. The CA is noticeably beating when the animal is alive. The area 
around the CA was cleaned and the carotid nerve was severed. Two pieces of 
thread were tied to the exposed CA: the top end of the artery was tied first 
followed by the bottom end. The top end will be removed after cannulation 
so as to allow solution infusion into the arterial system. The two ties must 
block the blood flow, with an approximately 1 cm distance between the two 
ties. A third wire was inserted below the artery and placed approximately in 
the middle. A forceps was attached to the thread close to the head of the 
animal. After it was pulled slightly, it was secured to expose a longer piece of 
CA. Next, a small incision was made in, but not all the way through, the upper 
side of the artery, close to the thread at the head. At this point the artery was 
deflated. It was then cannulated with a small tube connected to the pressure 
set up using two forceps, one for the incised area and one for tubing.  The 
tubing was placed in the incised CA. The tube was inserted from the upper 
side to the lower cavity of the artery (between the ties) to allow the pumping 
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of the chemicals into the circulatory system. The tubing was secured by tying 
it with a thread. 
 
 
Figure 16: Secured thread system 
 
 
Figure 17: Cannulation of carotid artery (CA) 
 
At this time the valve with the first perfusion solution (PBS & heparin) can be 
opened. The system (the first syringe of PBS and heparin) was slightly open 
and the pressure of the system was increased to 150-170 mmHg, At this high 
pressure, any blood that has entered the tubing returns to the circulatory 
      Arterial endothelial AQP-1 expression and subendothelial intima thickness and its relevance to prelesion events leading to atherosclerosis      
 
 44 
system, since the pressure that the rat’s heart produces is only 125 mmHg. 
The thread close to the tail of the animal was removed either by severing or 
untying it. The system was fully opened and the blood flux was checked. 
The animal was sacrificed with an overdose of pentobarbital (1.5 mL) 
injected directly into the heart (Figure 18). The pressure was maintained at 
150mmHg until the rat’s death. 
 
 
Figure 18: Rat sacrifice  
 
At this point it was necessary locate the femoral artery. A small incision was 
made into the chest of the animal to prevent pressure and fluid build up. The 
flank of the animal was severed. The femoral artery was located and severed 
to allow the blood and PBS flow to exit the arterial system and to observe the 
effluent.  The PBS flux was maintained for 5 minutes after fluid coming out of 
the femoral artery was clear and contained no visible blood. This last step 
was done to clean the artery and remove any clots before the perfusion. 
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Figure 19: Severing of the femoral artery 
 
 
Figure 20: Femoral Artery (microscope particular of the Figure 19) 
 
After 5 min the valve to the PBS was turned off and the valve to the 
DMSO/PBS or forskolin/DMSO/PBS was turned on. The flux was maintained 
for 2 h. The femoral artery was blocked in order to maintain the pressure 
inside constant. It is important maintain the flux for about 2 hours to 
upregulate the highest number of aquaporin channels (Raval, 2012).  
It is necessary not to stress the tissue too much for the first 1 hour and a half. 
Thus we maintain the pressure at 30-40 mmHg for the first 90 minutes and 
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for the last 30 min step up the pressure to the higher desired value 
(50,100,150 mmHg).  
It is important to increase the pressure immediately after to the 
glutaraldehyde perfusion because this solution fixes the tissue. 
After 2 hours the valve to the DMSO or forskolin was turned off and the valve 
to the glutaraldehyde was turned on. The pressure was increased to the 
desired value (50, 100, 150 mmHg). The flux was maintained for about 2 h. 
The femoral artery was released to allow drainage from the other side of the 
circulatory system.  
In this phase the pressure is not allowed to drop because during these 2 
hours the tissue must be fixed at the desired transmural pressure. 
Finally the chest was opened and the aorta was extracted and immediately 
inserted into a solution of 2% glutaraldehyde for further fixation. The 
following procedure was used for tissue fixation. 
 
Figure 21:  Rat aorta after the perfusion of the rat. 
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2.2 Tissue Fixation 
 
The extracted aorta was placed in a 2% glutaraldehyde solution to fix and 
preserve the tissue. Fixation is the first and most important step in any 
Electron Microscopy study, since mistakes made at this point render the 
whole project useless. The main purpose of fixation is:  
 Cross-link cellular structures into a matrix so as to preserve the structure 
of the cells with a minimum of alteration from the living state (i.e., with no 
changes in morphology, volume, or spatial relationships, and with 
minimum loss of cellular constituents);  
 Protect and stabilize cellular structures from changes during subsequent 
treatments and from irradiation by the electron beam. 
 
 
2.2.1 Required Chemicals 
 
Most of the chemicals used for processing specimens for Transmission 
Electron Microscopy (TEM) are extremely hazardous. The required chemicals 
are mentioned below.  
 Distilled H2O 
 Sodium cacodylate buffer 0.2 M pH=7.4.  
This buffer solution has the same pH as the blood. Using this buffer does 
not shock the tissue and it remains in its optimal pH range. 
 Osmium tetroxide 4% (OsO4).  
OsO4 is a widely used staining agent applied in transmission electron 
microscopy (TEM) to provide contrast to the image. OsO4 is a good 
fixative and excellent stain for lipids in membranous structures and 
vesicles. Some intracellular structures are also visualized.  
OsO4  binds to the double bonds of unsaturated lipids and imparts a dense 
brownish or black color. The chemical reaction that occurs is the 
reduction of the oxide, and the deposition of metallic osmium in the 
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tissue. OsO4 also stabilizes many proteins without destroying structural 
features (Hayat, 2000). 
 Glutaraldehyde 4-5% (%v) 
Glutaraldehyde is used in biological electron microscopy to fix proteins 
prior to staining . It kills cells quickly by crosslinking their proteins.  
 Ethanol 
At different concentrations, it is used for the dehydration of the tissue. 
 Propylene oxide 
It is commonly used in the preparation of biological samples for electron 
microscopy to remove residual ethanol previously used for dehydration. 
 Epoxy Resin: Embed 812 kit  
This kit consists of: EMBed-812, Dodecenyl Succinic Anhydride DDSA, 
Nadic Methyl Anhydride NMA, tris-(dimethylaminomethyl)phenol DMP-
30 (a reaction accelerator). The resin is used to embed the tissue in a 
polymer matrix without affecting or altering tissue structure. 
The solutions required for these procedures are the follow: 
 Osmium fixative solution: 1:1 of 0.2 M sodium cacodylate buffer (pH=7.4) 
and 4 % osmium tetroxide .  
 Glutaraldehyde fixative solution: 1:1 of 0.2 M sodium cacodylate buffer 
(pH=7.4) and 4%-5% (%v) gluteraldehyde. 
Glutaraldehyde and osmium tetroxide are volatile and can fix any 
cells/tissues they contact. It is therefore essential to use them in a fume hood. 
The epoxy resins used to embed the specimens are potentially more 
dangerous than the fixatives. Many of the resin components are known to 
cause cancer in rats or mice. Therefore it is essential to be careful with all 
resins prior to polymerization into hard blocks. 
Since propylene oxide is much more volatile than ethanol it is important to be 
careful not to allow the sample to be exposed to air. Such exposure would 
damage the tissue due to the rapid evaporation of the solvent. Osmium 
fixative solution is made fresh immediately before the embedding and it is 
kept on ice. The glutaraldehyde fixative solution’s shelf life extends up to 1 
month after its preparation when it is stored in a refrigerator. 
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2.2.2 Fixation Procedure  
 
The ten different sets of rat aortae were subjected to the same treatment. 
After extraction they were placed in vials with the 2% glutaraldehyde 
solution. The contents of each vial was then immediately poured into a petri 
dish as shown in the picture below (Figure 22), and placed under the fume 
hood. 
 
 
Figure 22: Rat Aorta in glutaraldehyde fixative solution. 
 
Using gloves and a sterile razor blade, the tissue was cut into small 3mm 
blocks, placed in a vial with the glutaraldehyde fixative solution and kept on 
ice for 1 hour. It is important shake the vials well after each rinse and to keep 
the tissue wet at all times. Each vial was labeled with the corresponding 
pressure, perfusion solution and the number of the rat from which it was 
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taken. These steps were taken to prevent tissue decay and to preserve any 
structural deformities in the intima. 
After the tissue was incubated on ice for 1 hour, we removed the 
glutaraldehyde fixative solution from each vial under a fume hood using 
gloves and did three rounds of adding fresh sodium cacodylate buffer and 
rinsing for 2 minutes on ice. The buffer was then removed and a secondary 
fresh fixer solution of 2% osmium fixative solution was added to each vial 
and sealed with a cap. These vials were placed in an ice bath in a fume hood 
for 20 minutes. The tissue was then rinsed 4 times in fresh sodium cacodylate 
buffer on ice, and then once in distilled water (to remove any free cacodylate 
and/or phosphate ions) off ice for 2 minutes each time. After the fixation we 
dehydrated the tissue with a series of ethanol and propylene oxide solutions. 
The individual tissue blocks were first dehydrated in a graded series of 
ethanol/distilled water solution at concentrations of 30%, 50%, 70%, 80%, 
90% ethanol, once each for 5 min in that order.   
After the rinse in the 30% ethanol solution an option is to wash the tissue 
with a 1:1 solution of uranyl acetate and ethanol for 15-30 minutes. This vial 
was being stirred at low velocity in the dark. This part must be carried out in 
the dark as UA is photo reductive and will precipitate when exposed to light. 
If this happens, UA crystals will make sectioning difficult and degrade the 
quality of the specimen image. This step is not strictly necessary, because UA 
is also used in the staining part (see section 2.4) of the experiment, but its 
addition allows one to stain the tissue directly, which improves the contrast 
of the TEM image. After the 90% ethanol rinse, the tissue was washed three 
times for 10 minutes each in 100% ethanol. The dehydration was completed 
with three changes of propylene oxide for 5 minutes each time.  
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Figure 23: Pieces of rat aorta after the fixation and the dehydration.  
The dark color of the aorta is due to the osmium fixation. 
 
While the dehydration was taking place, we prepared the Embed 812 fixing 
resin in a 50 ml corning tube according to the dosages shown in the Table 1. 
In this phase the tissue was transferred to an embedding mold and infiltrated 
with Embed 812 resin. 
 
 
Chemical Soft polymer (ml) Medium hardness (ml) Hard polymer (ml) 
EMBed-812 20 20 20 
DDSA 22 16 9 
NMA 5 8 12 
DMP-30 (accelerator) 0.7 – 0.94 0.66 – 0.88 0.62 – 0.82 
 
Table 1: Preparation of Embed 812 Resin 
 
 
Hard polymer resin was prepared without accelerator. The tube was sealed 
and mixed vigorously for approximately 5 minutes, after which it was left to 
sit for 10 minutes. This was done to allow as many of the bubbles formed 
from the mixing as possible to rise out of the solution and to dissipate. 
To ease the infiltration of the tissue with resin, three vials of increasing resin 
concentration were prepared: 
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 1:1  Resin : Propylene oxide 
 2:1  Resin : Propylene oxide 
 100% Resin 
The tissue was infiltrated for 4 hours each in the first two vials and overnight 
in the 100% resin vial, for all this time they were placed on a rotary blood 
mixer at low velocity to maintain the resin well mixed.  
Next, a fresh batch of resin was prepared in the same manner as above, with 
the only exception being that the DMP-30 was added in the quantity showed 
in the Table 1 as an accelerator for resin hardening. This mixture was put in a  
dessicator connected to a vacuum pump for about 30 minutes to remove all 
air and bubbles introduced during the vigorous mixing.  
 
 
Figure 24: Resin with and without DMP-30. 
The corning tube in the left side is 100% resin the other tube is resin with accelerator. 
DMP-30 change the color and the density of the resin. 
 
Each piece of the tissue that had been infiltrating over night was transferred 
with resin into an embedding mold. The block was carefully positioned so 
that the hollow portion of the vessel – its lumen - was vertical. This is to 
ensure that the later sectioning process can be preformed effectively 
perpendicular to the axis of the vessel. The embedding mold was then placed 
into a 60°C-65°C oven for approximately 2-3 days. After this time in the oven, 
the embedding mold was removed and the solid block were labeled and put 
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back into the over for another day at the same condition. The solid blocks 
were now ready to be sectioned.  
 
Figure 25: Solid blocks after the embedding mold removed. 
 
 
2.3  Sectioning of the solid blocks 
 
This part of work was supported by Doctor J. Morales from the Science 
Division at the City College of New York (CCNY) and mainly carried out by R. 
Yakobov, a graduate student of the Department of Chemical Engineering at 
CCNY. To view cross sections of the vessel layers to determine their 
thicknesses, one needs to cut extremely fine sections (~60-100nm thick) of 
the vessel so as to be amenable to clear TEM imaging. One accomplishes this 
by sectioning the now-solid tissue blocks with a microtome. Such sectioning 
requires much patience and skill, since the slightest vibration or irregularity 
in the cutting instrument can make the sections uneven. The block must be 
properly shaped before sectioning. Figure 26 shows the correct disposition of 
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the aorta section in the solid block. It is critical that the aorta cross section be 
perpendicular to the both sides of the solid block and flush with the top of the 
block, as shown. 
 
Figure 26: Right disposition of aorta section 
Such positioning makes it possible to cut the upper part of the block, 
perpendicular to the vessel axis. One begins by removing a bit of resin and 
initial aorta tissue. Removing this part of the solid block allows one to obtain 
sections from the middle part of the aorta that has not experience the 
extreme mechanical stress associated with having been cut by the razor 
blade (2.2.2 Fixation Procedure). 
 
2.3.1 Procedure of sectioning 
 
The solid blocks are cut by a microtome and collected on a copper grid for 
TEM imaging to determine the thickness of the SI layer. In the upper part of 
each block has been shaped into a pyramid using a new sharp razor blade. 
The tip of the pyramid was cut like a trapezoid with larger between 0.2 mm 
and 0.35 mm.  The resin was removed and a small portion of the tissue on the 
tip was exposed for the sectioning as show in the Figure 27,28. 
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Figure 27: Solid block ready for the sectioning. 
 
 
Figure 28: Microscope particular of the solid block after the cutting. 
 
After the block were prepared for sectioning, they were transferred to a 
microtome capsule holder.  
300 mesh copper grids were used for collecting the sections.  
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Before use they were placed in acetone to remove any residual resin from the 
sections.  A diamond knife was used to cut the thin sections from the block.   
It’s important to clean the diamond knife before and after each use with a 
Styrofoam stick. A new metal blade was used to prepare the stick by cutting a 
45° wedge from a Styrofoam stick, dipping it into clean 100% ethanol and 
passing it along the diamond knife blade. This ensures that the diamond knife 
remains clean and sharp. After that, both the sample and the diamond knife 
were placed in their proper place on the microtome and the tissue block was 
aligned correctly opposite the diamond knife. Once the pyramid was aligned 
correctly, distilled water was added to fill the knife boat (Figure 29).  
The side of a freshly sharpened wood stick was used to wet the edge of the 
boat and bring the water close to the blade. Care was taken not to touch the 
edge of the blade with the wooden stick. The arm of the microtome was then 
released and the speed was set. The small microfeed knob was turned 
clockwise one click at a time until the first section was cut. Once the first 
section was cut, the cutting speed was reduced and the thickness of the 
sections was adjusted. The machine was then left alone for about 30 minutes 
while it cut more sections. If the reflections from the sections displayed a 
purple hue, they were too thick and the feed was adjusted. If the reflections 
were blue, they were too thin and the feed was adjusted. Only when the 
sections were gold colored were they the correct thickness for TEM viewing. 
Once enough sections were obtained, the knife was retracted, the cutting arm 
locked, and the feed switched off. (Abrams, 2012) 
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Figure 29:  Diamond knife and tissue block aligned on the microtome. The many dials 
on the box to the right of the picture control section thickness as well as cutting speed. 
 
Figure 30: Group of gold, aligned sections. 
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The copper grids maintained in acetone were used for collecting the thin 
sections, using a moist eyelash taped to a wooden stick. The gold ribbons 
(groups of 4 to 12 sections semi stuck together one after the other, usually 
indicating good cuts) were grouped into a small circular area. After about 20 
minutes in acetone, the copper grids were dried by pouring them onto a piece 
of lens paper. The grid was carefully picked up with a tweezers and the shiny 
side was placed on the group of sections by gentle pressure. The grid was 
then turned upside down onto a fresh piece of lens paper for 5 minutes to 
allow the grid to dry without getting the sections stuck to the lens paper. 
After 5 minutes the grids were placed into a grid box, labeled, and stored 
away for staining. The diamond knife was cleaned again as explain above and 
stored for later use. 
 
 
Figure 31: Copper grid with aorta sections stored in a grid box 
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2.4 Tissue staining for TEM 
 
The next step taken to prepare sections for the transmission electron 
microscope (TEM) viewing is the staining procedure. The specific references 
for tissue staining are from the specified Electron Microscopy Manual (EM 
Sample Preparation - Contrasting, 2013). Since the contrast in the electron 
microscope depends primarily on the differences in the electron density of 
the organic molecules in the cell, the efficiency of a stain is determined by the 
atomic weight of the stain attached to the biological structures. Consequently, 
the most widely used stains in electron microscopy are the heavy metals 
uranium and lead. Although the use of one of these stains alone could be 
quite practical for routine purposes, the highest contrast is obtained when 
both of these stains are used in sequence, “double contrasting”, with 
uranyl acetate and lead citrate. Hence to increase the contrast of the different 
cell structures to the TEM, the sections were stained with lead citrate and 
uranyl acetate. The uranyl acetate (UA), which enhances the contrast by 
interaction with lipids and proteins, forms a yellow, needle-like crystal 
precipitate if not used in the right concentration and if redundant UA is not 
removed from the section. The lead citrate (LC), which enhances the contrast 
by interacting with proteins and glycogens, will form a water-insoluble toxic 
white precipitate (lead carbonate), if not used strictly under CO2-free 
conditions. Of the two staining agents mentioned, uranyl acetate is highly 
radioactive and lead citrate is a known carcinogen. Therefore necessary 
safety precautions were taken to prevent injury or contamination. These 
precautions included the use of gloves, mask and all procedures were carried 
out under a ventilated hood.  
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2.4.1 Required Chemicals and solutions 
 
The staining chemicals used in this part are mentioned below: 
  Pure water (boiled distilled H2O) 
Boiled water was used to remove the CO2 and to prevent atmospheric CO2 
contamination. 
 Uranyl acetate (UA) 2-4% 
UA (UO2(CH3COO)2·2H2O) is the acetate salt of uranium and is a yellow-
green crystalline solid made up of yellow-green rhombic crystals that 
have a strong odor. Uranyl acetate is very toxic if ingested, inhaled as dust 
or exposed to the skin by direct contact with any skin cuts or abrasions. 
The toxicity is due to the combined effect of chemical toxicity and mild 
radioactivity, and there is a danger of cumulative effects from long term 
exposure. For these reasons it's critical to use gloves and goggles and to 
handle the uranyl acetate with care under the hood. 
 Lead Citrate (LC) 0.5-1%  
LC (C12H10O14Pb3) has a white appearance and tone must use appropriate 
procedures (a ventilated hood, gloves and goggles) to prevent 
opportunities for direct contact with the skin or eyes and to avoid 
inhalation. 
 NaOH solution: one pellet of NaOH dissolved in 50ml of boiled distilled 
water in a 50ml conical tube. 
 
This experimental procedure needs to be CO2 free. As such  the distilled 
water used need to be boiled before use and the solution of NaOH and LC 
must be prepared on the day of staining and immediately well covered in 
order to decrease contamination with atmospheric CO2. In contrast, the 
uranyl acetate solution can be prepared once a month and stored. To achieve 
longer solution shelf life, one must cover the vials with uranyl acetate with 
aluminum foil and the seal them will with caps. 
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2.4.2 Staining procedure 
 
The first step of the staining procedure consists of preparing the solutions of 
uranyl acetate (UA) 2-4%, lead citrate (LC) 0.5-1% and NaOH with pure 
water (boiled DI H2O). Three conical tubes were filled with boiled distilled 
water for the final phase of the staining. It is necessary avoid long exposure of 
all the chemicals and the solutions to the air as noted above.  
All the solutions need to be well dissolved by good mixing using a vortex 
mixer. After making the solutions, we prepared a moist chamber by placing a 
wet and twisted tissue around the corners of a petridish. A smaller petridish 
covered with parafilm was placed inside, at the centre of the moist chamber, 
as Figure 32 shows. 
 
 
Figure 32: Moist chamber 
Next, two drops of 4% uranyl acetate (UA; 100 – 120 µL) were placed on the 
opposite sides of the paraffin film. After the identification of the shiny part, 
the grids with sections were then placed on a separate UA drop (Figure 33), 
and the chamber was covered with its lid. Care was taken to keep the sections 
side of the grid facing upwards so that the sections do not come into contact 
with the solution. A small box was then placed over the staining chamber to 
keep the staining grid in complete darkness to prevent the formation of light-
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induced precipitates. The system was allowed to sit undisturbed for two 
hours.  
 
 
Figure 33: Staining with uranyl acetate in the moist chamber. 
 
Uranyl acetate is used for the staining of the tissue because it highlights lipids 
and membranes and therefore increases the contrast in TEM. 
The grids were then rinsed in drops of boiled distilled water, following the 
procedure below. A petridish was covered with parafilm. With a transfer 
pipette, 9 drops for each grid were placed on this film (Figure 34).  
After extracting the grids from UA, each grid was rinsed for 10 seconds each 
in the two first drops followed by 1 minute in the 3rd drop. 
This process was repeated with the remaining 6 drops. 
 
Figure 34: Rinsing phase with boiled distilled water 
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The purpose of this rinsing phase was realized to remove all residual uranyl 
acetate from each grid. Next, a CO2-free chamber was prepared by putting 20-
30 NaOH pellets into a petridish. Again, a smaller petridish covered with 
parafilm was placed inside the CO2-free chamber. The petridish was 
immediately securely covered to decrease the potential for contamination 
with atmospheric CO2.  New hydroxide pellets needed to be used for each 
couple of grids. NaOH pellets absorb atmospheric CO2 and produce an 
aqueous solution of sodium hydroxide and sodium carbonate. The rate of this 
production increases with air contamination. For this reason NaOH pellets 
need to be change after each use.  
Two drops of lead citrate (LC) staining solution (100 – 120 µL) were then 
placed on opposite sides of the parafilm, the copper grids inserted into the 
drops and the chamber covered with the lid. The grids were kept in the lead 
citrate droplets for 5 minutes (Figure 35) 
 
 
Figure 35: CO2 –free chamber with the copper grids 
 
Lead citrate enhances contrast for a wide range of cellular structures such as 
ribosomes, lipid membranes, cytoskleleton and other compartments of the 
cytoplasm. Lead citrate precipitates easily in the presence of carbon dioxide, 
either in air or in the water used for preparing the stain or for rinsing. For 
this reason LC is used in a CO2-free chamber according to the precautionary 
measures discussed above. 
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The last step consist of rinsing the grids with NaOH solution and pure water. 
Four clean vials were prepared with the fresh solution (1 with NaOH solution 
and 3 vials of boiled distilled H2O) and placed in a line. This set of 4 vials 
needed to be change for each grid. The vials needed to be cleaned only with 
distilled water, dried and immediately well covered for their next utilization. 
Each grid was rinsed in the 4 solutions for 30 sec each, starting with the 
NaOH solution. They were transferred between vials with tweezers. Next, 
each grid was placed on lens paper with the matte side facing down for one 
minute to dry it, then stored in a clean dry grid box at room temperature and 
tagged with an identifying symbol and indicating its had been stained. The 
grid is now ready for TEM imaging. 
 
2.5 Transmission Electron Microscope (TEM) analysis  
 
The Transmission Electron Microscope  (TEM) analysis allows one to view 
the properly stained cross sections of tissue that have been collected on the 
copper grids with the procedure previously described.  
A Zeiss Electron Microscope 902 was used with the support of Dr Jorge 
Morales (Science Division, CCNY). The general operating principle of the TEM 
is described following by the machine protocol and procedure. 
The specific references for TEM analysis are from the specified Electron 
Microscopy Manual (Heimendahl, 1980) 
 
2.5.1 Principle of TEM 
 
A TEM utilizes energetic electrons to provide morphologic, compositional 
and crystallographic information on samples. The transmission electron 
microscope is used when the resolution of an optical microscope is too low to 
distinguish details that one wants to observe. Resolution power is defined as 
the smallest distance between two points that allows you to see the two as 
      Arterial endothelial AQP-1 expression and subendothelial intima thickness and its relevance to prelesion events leading to atherosclerosis      
 
 65 
separate points. For an optical microscope it is of the order of 1/2 m, while 
with an electron microscope it is possible to get to 0.3 nm. 
A TEM contains four parts: electron source, electromagnetic lens system, 
sample holder, and imaging system. 
 
Figure 36: The schematic outline of a TEM 
 
The electron source consists of a cathode and an anode. The cathode is a 
tungsten filament that emits electrons when heated. A negative cap confines 
the electrons into a loosely focused beam (Fig. 37). The beam is then 
accelerated towards the specimen by the positive anode. Electrons at the rim 
of the beam will fall onto the anode while the others at the center will pass 
through the small hole of the anode. The electron source works like a cathode 
ray tube. 
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Figure 37: Electron source of a TEM 
 
After leaving the electron source, there is an electromagnetic lens system.  
The electron beam is tightly focused using an electromagnetic lens and metal  
apertures.  The system only allows electrons within a small energy range to 
pass through it; so, the electrons in the electron beam will have a well-
defined energy.  The magnetic Lenses are circular electro-magnets capable of 
generating a precise circular magnetic field.  The field acts like an optical lens 
to focus the electrons. The aperture is a thin disk with a small (2-100 µm) 
circular through-hole. It is used to restrict the electron beam and filter out 
unwanted electrons before hitting the specimen. 
The sample holder is a platform equipped with a mechanical arm for holding 
the specimen and controlling its position. 
The imaging system consists of another electromagnetic lens system and a 
screen. The electromagnetic lens system contains two lens systems, one for 
refocusing the electrons after they pass through the specimen, and the other 
for enlarging the image and projecting it onto the screen. The beam goes 
down through the column until it contacts the screen where the electrons are 
converted to light and form an image. The screen has a phosphorescent plate 
that glows when hit by electrons. An image forms in a manner that is similar 
to image formation in standard photography. 
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The entire system from beam through the sample and to the detector is 
evacuated so that atmospheric particles do not absorb or deflect the electron 
paths. In this way it is possible using TEM to collect high-resolution, black 
and white images from the interaction between specimens and electrons in 
the vacuum chamber. It is possible adjust the voltage to increase or decrease 
the speed of electrons and consequently manipulate the image. Indeed the 
speed of the electrons directly correlates to the electrons’ wavelength. For 
high quality and detailed images the electrons need to move very fast, 
meaning they must have a short wavelength. The lighter areas of the image 
represent the regions where a greater number of electrons were able to pass 
through the sample and the darker areas reflect the electron-dense areas of 
the object that have absorbed many of the electrons. These differences in 
image darkness provide information about the structure, texture, shape and 
size of the sample. TEM analysis requires samples with special preparation as 
the procedure described above illustrated for our biological samples. 
 
2.5.2 Zeiss Electron Microscope 902 
 
The Zeiss EM 902 is a thermionic (tungsten) transmission electron 
microscope (TEM) with a line resolution of 0.34 nm and a point resolution of 
0.5 nm. It operates in normal, diffraction, and low dose modes at 50 or 80 kV. 
Its magnification range is 150x to 400,000x. Images may be acquired on film 
or digitally at 1.4 megapixels. 
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Figure 38: Zeiss Electron Microscope 902 
 
The machine protocol and procedure were as follows. 
The first copper grid was loaded into the machine and the loading knob was 
turned to 90°. The vacuum was then turned on to evacuate the chamber. 
Once the evacuation level was reached, the sample was pushed all the way 
into the microscope, after which it is necessary to wait until the vacuum 
returned to the initial value. Once this occurred that the V3 valve (Figure 39) 
was opened and the beam button and filament button were turned to the on 
position.  At this point the machine was magnifying the section at 150x.  
By moving the sample with a mouse located next to the microscope, one 
could center the section and place the desired area in the exact center of the 
viewing window. The beam was then intensified by turning the magnification 
knob clockwise, and narrowed using the condensing knob. The sample was 
magnified up until 3000x, at which point the contrast aperture was inserted 
into the microscope. The magnification was then increased to 30,000x and 
centered to find the exact layers of the intima required. Pictures were taken 
via a CCD camera located inside the machine and viewed by operating the 
iTEM software. The pictures were then saved to a disk and stored for later 
analysis. (Abrams, 2012) 
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Figure 39: TEM control panel.  
The magnification knob (located in the middle) controls the magnification of the 
microscope and the red numbers in the upper right corner indicate the current 
magnification. The brightness (located at the right) controls the light concentration 
and is used to brighten or darken the view. 
 
 
Figure 40: The imaging system of the Zeiss Electron Microscope 902. 
The white circle inside the viewing window shows crisscrossing lines that are actually 
the lines of the copper grid upon which the sections lie. 
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We now briefly introduce the image analysis. The Figure 41 shows a picture 
collected by the Zeiss TEM. In this picture the endothelium (black vesicle 
filled cells) can be easily distinguished from the IEL (large white vertical 
strip). The gray space that occupies the area between the endothelium and 
the IEL is the subendothelial intima. This is the area that is being quantified. 
 
Figure 41: Electron micrograph of aorta section for 100 mmHg pressure  
(forskolin perfused). Magnification x10000.  
 
A detailed description of how the SI thickness was calculated is described in 
the next paragraph.  
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2.6 Mathematical model: Matlab analysis 
 
The last step of this work consist in the calculation of the SI thickness using a 
custom program written by J. Abrams, a former student in the group, in 
Matlab. The code was designed to read in each picture, refine a rough outline 
of the SI provided by the user by virtue of a small number of mouse clicks to a 
tight outline of the SI, calculate the area in pixels of this tightly outlined SI 
region, and then divide by its length (also given by the user with two mouse 
clicks) to get the average SI thickness in the micrograph. A detailed 
description of this process, including pictures and Matlab code, is explained 
below. 
 
Matlab code: 
clear all 
close all 
FOLDER = input('Select a Folder', 's'); % Insert Folder: \Users\..  
cd(FOLDER)                              % Change Directory 
dr=dir('*.tif');                        % List of all file '*.tif' 
Nf=length(dr);                          % Number of files 
 
A=zeros(1,Nf);                          % Store Area   
L=zeros(1,Nf);                          % Store Length 
SB = input('Insert scale bar SB=');     % Scale Length (nm) 
  
% Main loop 
for nf=1:Nf 
 img=double(imread(dr(nf).name));  % Read image 
 imagesc(img); axis('image');      % Display image (false color) 
 colorbar; 
 [ny nx]=size(img);                % Find size of image 
 [yy xx]=ndgrid(1:ny,1:nx);        % Create position matrix same                               
size as image 
 [sx sy]= ginput(2);               % Click ends of scale bar 
 SBL(nf)= SB/(sqrt(((sx(2)-sx(1))^2)+((sy(2)-sy(1))^2)));  
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% nm/pixel ratio 
 disp('click polygon'); 
 [x y]=ginput(50);                        % Get region of interest 
 ii=reshape(inpolygon(xx,yy,x,y),ny,nx);  % Extract region 
 mask=(((img<150) & (img>70)).*ii);       % Create mask based on                                              
intensity threshold 
 A(nf)=sum(mask(:));                      % Count pixels in region 
 imagesc(mask); axis('image');            % Display mask 
 disp('click length'); 
 [x y]=ginput(2); 
 L(nf)=sqrt((x(1)-x(2))^2+(y(1)-y(2))^2); 
 H(nf)=(A(nf)./L(nf)).*SBL(nf)            % Height in nm 
 pause;                 
end 
 
This code requires the user to read in a complete folder of  images and a scale 
bar, which may differ from one picture to another. The necessary storage 
type/file extension for readable images is .tif. After the user has inputted all 
of the required information, the Matlab code reads all of the images in the 
specified folder and stores a value for the number of images. For each image, 
a variable A (area) and L (length) is defined and the scale bar is inserted. the  
program then begins a for-loop where one by one the images are viewed and 
analyzed. The first black-and-white image is read in and displayed using false 
colors assigned based on the contrast in the micrograph. This allows the user 
to clearly identify what color the SI is. The user can shift the colorbar to 
adjust the proper color value assigned to the SI so as to make sure the 
highlighted area is neither too large nor too small. In the code above, 
“mask=(((img<150) & (img>70)).*ii);” the program is assuming the false 
color of the SI has a value in between 150 and 70. The user can adjust these 
numbers to properly reflect what color the SI appears in the false color 
representation.  
The Figure 42 shows an image of an aorta section read into this Matlab 
program so as to illustrate all of the steps followed by the code. Figure 42 
represents the original image acquired from the TEM. As noted above, one 
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can recognize the endothelium by the black vesicle filled cells and the IEL by 
the large white vertical strip. The area of interest is the gray region between 
the endothelium and the IEL (the SI).  
 
 
Figure 42: Electron micrograph of an aorta section field at 50 mmHg pressure after 
exposure to forskolin (120 min). Magnification x20000. 
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Figure 43: Matlab false color image for TEM of Figure 42.  
 
Figure 43 is the false color image of the TEM original image (Figure 42) 
created and displayed by the Matlab code. In this representation it is easy to 
distinguish the boundaries of the regions; the dark blue is the endothelium, 
the red/yellow is the IEL and the light blue between them is the SI. The SI 
here has a color value in between 75 and 125.  
Once the image is displayed in false color with the proper color threshold in 
place, the program asks the user to define a polygon in which the SI is 
present. To provide a more accurate polygon and to clearly define the outline 
of the curved SI, the user inputs roughly 50 clicks to create a polygon around 
the SI. The program cuts away everything outside the selected polygon and 
ignores any other similar colors that are in the image but are not part of the 
SI as outlined in order to create a mask based on specified intensity 
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threshold. This eliminates regions of similar color intensity that do not 
belong to the SI, such as the light-colored vesicles seen in Figure 43.  
The mask command is:  
mask=(((img<150) & (img>70)).*ii);        
In this way , the program converts the roughly 50 clicks into a mask and 
assigns a value of 1 (red) to every pixel selected in the polygon that matches 
the color selected, and a value of 0 (blue) to every other pixel. Figure 44 
shows the mask corresponding to Figure 42 and 43. 
 
Figure 44:Matlab mask image showing the SI layer from Figure 42. 
 
In Figure 44, the red pixels signify the SI and the blue pixels represent 
everything else. This mask image allows the program to quantify the red area 
occupied by the SI. The program counts the number of red pixels and stores it 
as variable A for this image.  
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Next the code asks the user to define the SI length with two mouse clicks, one 
on each edge of the outer limits of the red area. The length between these two 
clicks is calculated and then stored in the variable L. 
With this information the program calculates the average height of the SI in 
this image: 
 
H(nf)=(A(nf)./L(nf)).*SBL(nf) 
The quotient “A./L” divides the area of each image by its respective length 
and multiplies this value by SBL, a scale factor that translates pixels to nm. 
The output, H, represent the average thickness of the SI layer for this specific 
image. This process is performed for each image on the grid.  All the values of 
the SI thickness were inserted into a Microsoft Excel sheet. In order to arrive 
at a representative value of the SI thickness for a given treatment, one must 
be careful to analyze random sections, not serial sections. Serial sections will 
bias the calculated average thickness to specific tiny regions of the aorta, 
which are not likely to represent the true value for the entire aorta. The 
results are averaged and plotted in graphical form as SI thickness vs 
transmural pressure for each type of sample treatment, including for control 
animals.  
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2.7 Results and discussion 
 
The entire experiment can be divided into two big groups: rats perfused with 
blank solution (DMSO/PBS) and rats perfused forskolin/DMSO/PBS. These 
two groups of rats are divided in two tables (Tables 2 and 3). Each table 
contains all the data from the corresponding rats that were collected during 
the experiment. 
The data reported in the first columns are the tray number and the weight of 
the rat. This two values allow one to refer back to the perfused rat with all 
the information about the dissection (e.g. date, amount of pentobarbital, 
complications…). The next column reports the time of perfusion of DMSO (or 
forskolin) and glutaraldehyde (2% solution). The fixation pressure 
characterizes the value of the pressure used during glutaraldehyde fixation. 
To understand the meaning of the last two columns, recall that in order not to 
stress the tissue too much, we maintain the pressure during the first one 
hour and half hours of treatment at the low value of 30-40 mmHg and then 
shift to the desired pressure (50 or 100 mmHg) for the last 30 min of 
treatment. It is important increase the pressure only fo this short time before 
glutaraldehyde perfusion, because only in this step is the tissue fixed. This 
alteration in procedure was made after initial perfusion of some rats, based 
on artifacts seen in the TEM image analysis of sections taken from those rats. 
For this reason there are two different columns: time at 30 mmHg and time at 
fixation pressure. Only the last two rats were perfused with this pressure 
differentiation. In the tables below are reported the data for all of the 
perfused rats, including those before and after the alteration in procedure. 
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Rats Weight DMSO 
perfusion 
Glu 2% 
perfusion 
Fixation 
pressure 
Time @ 
30mmHg 
Time @ fixation 
pressure 
Tray # g min min mmHg min min 
a.1 308 120 120 100 0 240 
a.2 285 120 120 100 0 240 
a.7 342 120 120 50 0 240 
a.8 350 120 120 50 0 240 
a.10 320 120 120 100 105 135 
Table 2: DMSO samples at different pressure 
 
Rats Weight 
Forskolin 
perfusion 
Glu 2% 
perfusion 
Fixation 
pressure 
Time @ 
30mmHg 
Time @ fixation 
pressure 
Tray # g Min min mmHg min min 
a.3 300 90 90 100 0 240 
a.4 302 90 90 100 0 240 
a.5 302 90 90 50 0 240 
a.6 310 90 90 50 0 240 
a.9 319 120 120 50 105 135 
Table 3: Forskolin samples at different pressure 
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As displayed in these tables, five rats were perfused with blank solution 
(DMSO) at different fixation pressures and five rats were perfused with 
forskolin at the same fixation pressures.  
Since this was an initial experimental procedure with the above treatment, it 
should come as no surprise that the original protocol needed to be changed 
once we had analyzed the initial data and found artifacts (Figure 45,47). 
During research work when some artifacts arise, as happened here when the 
vessel was maintained at the high pressure discussed above for two hours. In 
subsequent work, a new protocol was used for the rat perfusion.  
The first in vivo experiments with this treatment used a two-hour treatment 
perfusion time and maintained this high pressure for 240 minutes during 
both perfusion and glutaraldehyde fixation. Figures 48-51 show the results of 
this new protocol with only 135 minutes at high pressure.  
 
Figure 45: Electron micrograph of aorta section that showed discontinuous 
subendothelial intimal layer (100 mmHg  forskolin perfused)  
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In figure 45, it is easy to see that the SI layer is discontinuous; such 
discontinuities at high pressure stand in contrast with the results obtained by 
Huang et al. (Huang, Jan, Rumschintzki, & Weinbaum, 1998) with no 
treatment perfusion, as shown in the Figure 46a. The SI layer in the Figure 
46b shows a straight and far more uniform SI layer. 
 
Figure 46: (Huang, Jan, Rumschintzki, & Weinbaum, 1998) Electron micrograph 
showing the SI thickness for 0 mm (a) and 100 mm (b) Hg pressure.  
Magnification x8000.  
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The Figure 47 illustrates another problem observed during the TEM image 
analysis of the initial rat aortas that we analyzed. At the left of the image it 
possible to notice a series of broken endothelial cells. This clearly 
compromises the measurement. 
 
Figure 47: Electron micrograph of aorta section that showed broken endothelial cells 
(100 mmHg  forskolin perfused) 
As a result of these observed problems we reformulated the procedure to 
expose the aorta to a far shorter time of high pressure perfusion after the 
rat’s heart has been stopped and prior to and during fixation. It was felt that 
this long period of high pressure in the aorta that was no longer living led to 
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vessel deterioration. Now some good images obtained with the new 
procedure are showed in the Figure 48-51, one for each fixation pressure. 
The first two images 48,49 are for a forskolin/DMSO/PBS perfused rat and 
the pictures 50,51 are for rats perfused with the blank solution (DMSO/PBS). 
 
Figure 48: Electron micrograph of an aorta section (100 mmHg forskolin):longer 
continuous intimal region 
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Figure 49:Electron micrograph of an aorta section (50 mmHg forskolin): visible intima 
region with vesicles.  
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Figure 50:Electron micrograph of an aorta section (100 mmHg DMSO):visible 
continuous intima and good contrast between the layers. 
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Figure 51:Electron micrograph of an aorta section (50 mmHg DMSO): visible intima 
region 
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These images (48-51) show a good contrast that allows one to clearly identify 
the borders between the Si and the EC and the IEL. In Figure 48 and 50 it is 
possible to see a longer continuous SI region typical of this high pressure. All 
these images represent a layer of endothelial cell in a fairly healthy state 
without broken or damaged cells. In the endothelial layer there are 
mitochondria and other clearly defined endothelial cell vesicles but also 
some unusual inclusion bodies. Subsequent procedural changes after having 
analyzed all of my rat data resulted in further changes that are now being 
used in the lab. In particular, the entire treatment time has been reduced to 
15 minutes and the perfusion solutions are fully aerated by bubbling oxygen 
through them and then letting the bubbles escape, before being used in the 
rat. The reasoning for this is that it appears that a prolonged period of 
hypoxia causes the endothelial cells to begin to die and this affects both their 
morphology as well as their interaction with the SI. My colleagues in the lab 
are currently carrying out this new procedure on additional rats and I plan 
on participating in the analysis of the data from the resulting TEMs. 
Using these preliminary data, to be refined with the new and improved 
procedure described, we perform a first estimate of the trend of SI thickness 
vs different transmural pressure from randomly selected regions in the 
thoracic aorta  (without including the aortic arch).  The following results have 
been found. 
 
Lumen pressure 
[mmHg] 
    Intima thickness [nm] ±  Standard deviation 
DMSO Forskolin 
50 129,76 ± 30,36 262,70 ± 71,63 
100 93,73 ± 29,17 105,93 ± 37,47 
Table 4: Intima thickness data at different lumen pressure 
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Figure 52: Trend of  SI thickness at different transmural pressure for two treatments 
from our preliminary data 
 
The Figure 52 shows the SI thickness as a function of transmural pressure. In 
both cases (forskolin and blank perfusion) the SI thickness decreases with 
increasing transmural pressure. These data again demonstrate that SI 
compression is directly related to transmural pressure with either forskolin 
or blank treatment, as Hung et al. (1998) found in the absence of any 
treatment. The graph indicates that forskolin treatment at 50 mmHg nearly 
doubles the SI thickness. This is consistent with the prediction of Joshi’s 
theory (Joshi, 2012) because at low pressure more AQP-1 channels means 
the SI should be less compressed and more water can flow through the 
intima. Increasing pressure in the lumen forces more water out of the vessel 
and eventually compresses the SI as a result. From these preliminary data, it 
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appears that the SI is already compressed at 100 mmHg even with forskolin 
treatmen, since the two 100 mmHg values appear to be very similar.  
That means we must still investigate an intermediate pressure, e.g., 75 or 80 
mmHg, where the SI would be compressed in the absence of forskolin, yet 
decompressed with forskolin. As noted above, Raval’s Lp measurements 
indicate this is likely to be the case at 75 mmHg and that the SI should reach 
full compression with or without forskolin at 125 mmHg. Again, the trend 
observed for the blank treatment is consistnent with the previous work of 
Huang et al. (Huang Y. J. K., 1998) without treatment and for the forskolin 
treatment by Raval et al.’s Lp study (Raval, 2012). However  the specific 
values reported in Table 4 need to be confirmed by other future studies using 
the new protocol. The condition of the aorta section observed with the TEM 
analysis using the improved protocol should first eliminate all artifacts and 
display healthy-looking cells. Also, for statistical sinificance, it will be 
necessary to have a much larger sample of random sections for each pressure 
and treatment.   
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2.7.1 New protocol modification 
 
As said before the analysis of the first pictures resulted in further changes 
that are now being used in the lab. My colleagues in the lab are currently 
carrying out this new procedure on additional rats and I plan on participating 
in the analysis of the data from the resulting TEMs. The protocol 
improvements are: 
 Decreasing the incubation time with treatment (e.g. forskolin or DMSO) 
from 2h (or 90 minutes) to 15 minutes and to aerate the perfusion 
solution before use so as to minimize the time of hypoxia for the aortic 
endothelial cells prior to fixation. 
 When incubating with treatment for longer than 15 minutes, all but the 
last 15-20 minutes should be at 10-20 mmHg. One would then raise the 
pressure to the desired (e.g. 50 mmHg, 100 mmHg or 150 mmHg) for the 
remaining 15 minutes 
 Adding Bovine Serum Albumin (BSA) to Phosphate Buffered Saline (PBS) 
to create a solution of 4% BSA and 0.01 M PBS at ~300 mmol/Kg 
(osmolarity) and pH=7.4, if this is needed to keep the cells alive and 
patent.  
 Checking both the osmolarity and pH of the perfusate to verify that they 
have physiological values. 
 Bubbling oxygen through the perfuse solutions (heparin solution and 
treatment solution) for 10 minutes in each to enrich it with oxygen for a 
prolonged survival of the endothelium. The solutions are then allowed to 
sit, covered so that the small bubbles, which can damage the endothelium, 
do not remain in the solution. 
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2.8 Conclusions 
 
The objective of this thesis is twofold: the first point is setting up a protocol 
to take images of blood vessel walls, and the second point is comparing the 
experimental results with current theoretical models.  
Unlike all previous experiments, the image taking process was carried out in 
vivo. The new protocol was validated by comparing the experimental 
results  with the analogous ex vivo findings of previous investigations.  
The main difficulties that were encountered at this stage were that a) the 
sub-endothelial intima (SI) layer appeared to be discontinuous, and b) the 
endothelial cells were  damaged, as shown in Figure 45 and 47.  
Accordingly, we changed completely the rat protocol, i.e., how the dissection 
of the Sprang-Dawly rats was performed. As a result, the above-mentioned 
difficulties were mostly overcome, as shown in Figures 48-51, so that at the 
end (see Chapter 2.7.1) healthy ECs are now observed in the laboratory. 
In the second part of this work, preliminary data analysis showed that the 
intima thickness decreases with the increase of the transmural pressure with 
or without treatment. In addition, the intima thickness at a 50 mmHg 
pressure appears much higher using a forskolin-based treatment than 
without, while at a 100 mmHg pressure the two different values (i.e., the one 
obtained using a blank solution and the other using a forskolin-based 
treatment) are very similar one another.  This result seems to agree with 
prior experiments and with theoretical predictions (Huang, Jan, 
Rumschintzki, & Weinbaum, 1998), although our experimental findings do 
not have a full statistical significance and further investigations are 
required.  To further develop this research, my participation within the 
research lab at the City College of New York is going to continue. 
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Appendix : The Rheology of Blood 
 
The content of this appendix is taken from the Chapter 21.3 of  “Elementi di 
fenomeni di trasporto” (Mauri, 2007) 
 
 Flow in large blood vessels 
Blood is a suspension composed of a continuous aqueous phase (plasma) 
containing salt, sugars and proteins, and a discrete corpuscular phase, that 
includes for the most part (99.5%) erythrocytes (red blood cells, RBCs), 
leukocytes (white blood cells, WBCs) and platelets. The red blood cells with 
no nucleus and a 7-8 µm size, are mainly constituted by hemoglobin (35%) 
and carry oxygen from the lungs to the tissues and carbon dioxide from the 
tissues to the lungs. 
The RBCs number density is 3.5-6x106 / mm3, while that of the 10µm-size 
WBCs, is 7-10x103 / mm3, that is about 500 times less. The volume fraction of 
the corpuscular elements is named hematocrit (denoted by φH) and its value 
lays normally between 43% and 47%.  
Plasma is a Newtonian fluid, with a viscosity µP =1.16 – 1.35 cp at 37°C.  
At that temperature, the viscosity of water is 0.59 cp; the extra viscosity of 
plasma is almost exclusively due to the effect of the proteins dissolved in the 
blood. Unlike plasma, blood exhibits a non-Newtonian behavior,  mostly due 
to the presence of red blood cells. In fact, as in the Bingham fluids, blood 
presents a yield stress τ0, that is, a threshold value of the shear stress, below 
which the fluid moves only in plug flow. In general, τ0 depends on the 
hematocrit as: 
           
 , 
 
where    = 0.04 is a hematocrit critical value, below which there is no 
observed yield stress. In normal conditions, i.e. with   = 0.45, a yield stress  
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   is observed. Above the threshold value τ0, but below a 
shear rate of 100 s-1, blood behaves as a pseudoplastic fluid., that can be 
described in terms of the Casson equation: 
 
       
   
      
  
  
 
   
 
Where µ is the viscosity at high shear rate and is a function of the hematocrit: 
 
       
 
 
          
   
 
In this equation, the first correction term  
 
 
    was obtain by Einstein in 
1906 and describes the viscosity of very dilute suspensions (φ<0.1); the 
second term, however, is (strangely) very close to the value (7.6 φ2) obtained 
by Batchelor in 1972 for a suspensions of rigid spherical particles (and the 
red blood cells are neither rigid nor spherical). However, for rigid particle 
suspensions, the expression of the viscosity as a function of the particle 
volume fraction also includes higher order terms (φ3, φ4, etc.), which become 
important at high concentrations, as in the case of the blood. In fact, in 
normal conditions, with a hematocrit of   = 0.4, a suspension of rigid 
particles would have a viscosity of about 100 times greater than that of the 
fluid that constitutes the continuous phase (i.e., plasma, in our case), while in 
reality, in the same conditions, blood has a viscosity that is only about 3 times 
greater than plasma’s. This result has been confirmed experimentally by 
measuring the viscosity of the blood with a glutaraldehyde addiction, which 
causes a stiffening of red blood cells. In this case, it is seen that the treated 
blood behaves as a Newtonian fluid, but with a viscosity up to 100 times 
higher than that of the untreated blood. 
The overall effect is that the effective viscosity µeff, defined as the ratio 
between the shear stress τ and the shear rate γ, decreases at the shear rate 
increase. In fact, the relationship between µeff and the plasma viscosity 
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decreases from a maximum value of about 150, for γ <10-2 s-1, to about 3 for 
γ> 102 s-1. 
The Casson equation is very similar to the constitutive equation of Bingham 
fluids and adequately describe the behavior of the blood for shear rates 
between 10 and 100 s-1. At low flow rates, as for all Bingham fluids, the 
predicted velocity profile (such as the one detected experimentally) is blunt, 
while for high flow rates (where the shear rate is larger than 100 s-1) it is 
close to the typical parabolic profile (in fact, in this case, the effect of the yield 
stress is negligible). Based on these results, it can be considered that in the 
veins and larger arteries, the blood behaves as a Newtonian fluid with 
viscosity µ, while in capillaries and thinner ducts the non-Newtonian 
behavior becomes predominant. 
 
 Flow in thinner blood vessels  
 
Experiments carried out on capillaries with a diameter less than 300 µm 
showed a strange behavior that determines the so-called Fahreus effect 
where the hematocrit output, i.e. the amount of red blood cells that come out 
from the capillary, is greater than the one inside the conduit. Now, if we 
collect the blood at the outlet of a conduit, we would measure the following 
hematocrit,  
 
   
                
 
 
           
 
 
  
 
  
                 
 
 
 
 
where v is the velocity of the fluid (subscript D stands for discharge) and    is 
the volumetric flow rate. This equation shows that the fluid regions moving 
at larger speeds are weighed more than those that move slowly. Hence  while, 
by continuity,    is equal to the “real” hematocrit in the blood, of a patient  
on the other hand, in general, it is different from the average hematocrit 
inside the duct, the latter being defined as: 
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In fact, if the hematocrit is uniform within the duct: 
      
Generally, however, if the concentration of red blood cells is not uniform, i.e., 
      , the two magnitudes are not equal. Experimentally (see Figure i) it 
is shown that : 
       
 
Figure i 
This result indicates that the red blood cells tend to thicken toward the 
center of duct, where the fluid velocity  is larger, so that  the mean RBC 
velocity is larger than the mean fluid velocity. For very small pipes, with less 
than 10 µm diameters, the effect is reversed, because the red blood cells are 
forced to flow one behind the other and, therefore,    tends to become equal 
to   until, for diameters less than 2.7 µm, the RBCs cannot enter the 
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capillary at all, and therefore the hematocrit can not be defined. A similar 
phenomenon is the Fahraeus-Lindqvist effect, in which the apparent viscosity 
of the blood decreases with decreasing diameter of the capillary tube. As one 
can see in Figure i, viscosity displays the same dependence on the tube 
diameter as hematocrit. This indicates that, holding constant the "real" 
hematocrit    , as the tube diameter decreases, hematocrit decreases as well 
and, correspondingly, viscosity also decreases. This phenomenon can be 
better clarified in terms of the capillary flow resistance R, defined as the 
proportionality term between the volumetric flow rate,   , and the pressure 
drop, ΔP, 
       
Now, ΔP is proportional to the shear stress at the wall, τw , which is 
proportional to the viscosity of the fluid at the wall. So, we see that, since the 
hematocrit at the wall is less than the average hematocrit, capillary 
resistance is lower than what we would have expected assuming a uniform 
hematocrit.  In other words, the Fahraeus-Lindqvist effect indicates that the 
blood apparent viscosity, i.e. its viscosity at the wall, is less than the blood 
viscosity corresponding to a uniform hematocrit. In this case, too, the 
phenomenon is dramatically different when the diameter of the capillary 
becomes lower than the size of red blood cells. 
 
 Pulsed flow in cylindrical tubes 
 
Pressure and flow rate in the blood vessels vary periodically in time. The 
blood flow rate is divided into two phases: the systole, during which the heart 
contracts and pumps blood, and diastole, during which there is no pumping 
and ventricles fill with blood. As the heart contracts, the pressure in the left 
ventricle increases rapidly, from about 5 mmHg to 120mm Hg in about 0.2 s, 
while the aortic pressure varies from 80 to 120 mm Hg. When the ventricular 
pressure exceeds the aortic pressure, the aortic valve opens and the blood  
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flows into the aorta. The aortic flow increases with the pressure until it 
reaches a maximum value when also the pressure reaches a maximum (see 
Figure ii); then, the pressure begins to decrease and the average speed of the 
blood decreases, until it becomes negative. At this point, with a small delay, 
the valve aortic closes again, and the backflow ends up in the coronary 
arteries. As can be seen from the Figure ii, even in the absence of blood flow, 
the pressure in the aorta remains relatively high (i.e. between 80 and120 mm 
Hg). Moving away from the heart, the pressure and blood flow pulses are 
reduced. At the end, in the capillaries, the pressure variations are much 
attenuated until, in venous conduits, the flow remains constant over time. 
 
 
Figure ii 
A fluid dynamics view describes the blood flow in the larger ducts as a 
Newtonian fluid flow, resulting from a pressure that  oscillates in time with 
frequency ω.  For time-dependent flows, it is still possible to define a 
Reynolds number as the ratio between the diffusion time,   , and the 
convection time ,   , i.e., 
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where U is a characteristic velocity, R the radius of the duct and v is the 
kinematic viscosity. For laminar flow, we also define the Womersley number 
as the square root of the ratio between the diffusion time,,   , and the period 
of the pressure oscillation ,  , i.e., 
    
  
 
 
      
     
 
 
  
 
 
In Table a, the typical Reynolds and Womersley numbers are indicated for 
typical arterial flows  with ω = 60 beats per minute. 
Artery R (cm) Re W0 
Aorta 1.50 1500 22 
Left main coronary 0.43 270 6.1 
Right coronary 0.10 230 1.8 
Left anterior descending coronary 0.17 80 2.4 
Femoral artery 0.27 180 3.9 
Terminals arteries 0.05 17 0.7 
Table a 
In laminar regime, when W0 << 1, the pressure oscillation period is much 
lower than the time required for the flow to reach its steady state and then, at 
each instant, the velocity profile will be equal to its stationary, parabolic 
value, thus indicating that the Quasi Steady State assumption can be applied. . 
This same condition remains valid up to values of W0 ≈1.  
In fact, in Figure iii a, we see that, for W0 = 0.5, the velocity profiles remain 
parabolic at all instants. Increasing the Womersley number, however, the 
pressure change, (corresponding to a variation of the shear stresses and of 
the velocity gradients at the wall) is too fast, and the velocity profile is unable 
to adapt. It follows that the velocity profile takes the form of Figure iii b and 
Figure iv d; in particular, the velocity profiles of Figure vi d, corresponds  to 
W0 = 15, which is not far from the value, W0 = 22,  of the aorta Womersley 
number. We see that, by failing to follow the rapid changes of dv/dr at the 
wall, the profile of the center of the conduit remains almost flat, and thus the 
aorta flux is substantially a plug flow. 
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Figure iii: Velocity profiles at different times (corresponding to different phase angles) 
for W0 = 0.5 (a), 3.34 (b) 
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Figure iv: Velocity profiles at different times 
(corresponding to different phase angles) for W0 = 6.5 (c) and 15 (d). 
 
 
 
 
 
